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Introduction
Hyaline cartilage is the most essential tissue component of synovial joints and also referred 
to as articular cartilage. Hyaline cartilage consists of a highly specialised avascular tissue 
that has an outstanding loading resistance and a very smooth surface. It forms the joint 
contact surface area and ensures smooth and painless movement of the joint and can act 
as a shock absorber. Unfortunately, in case of injury, hyaline cartilage possesses very little 
regenerative capacity. Because of its avascular nature especially in superficial lesions, repair 
is fully dependant on the intrinsic regeneration capacity of the surviving chondrocytes and 
therefore limited. Only the deeper lesions that reach into the vascular subchondral bone 
can undergo a clear inflammatory and regenerative process. But even then this process 
mainly consists of a fibrocartilaginous healing response 1,2. Fibrocartilage is inferior to hyaline 
cartilage, both biological and biomechanical 3. In small defects this inferior fibrocartilage 
may be able to withstand the impact- and shear forces in the joint and may relieve patients 
of symptoms. However, in larger defects the fibrocartilage will not sustain these forces 
and the surface defect will persist. Consequently the patient is more likely to experience 
pain and dysfunction. Because of this lack of regeneration and the inferior quality of the 
fibrocartilage, cartilage lesions are thought to progress to (early) osteoarthritis. Clearly when 
a lesion cannot be (fully) repaired, the rims of the defect will sustain higher shear forces 
than normal. Consequently cartilage can degenerate at these borders, making the defect 
larger. The new border faces the same problem leading to progression of cartilage damage. 
The result could therefore well be an expanding degeneration site and thus osteoarthritis 
in the long run 4,5. To relieve patient discomfort and prevent potential development of 
osteoarthritis, surgical intervention may be required.
Current treatment strategies
This section describes the most common surgical treatments for cartilage defects divided 
into separate strategies. All techniques share the same goals: restore cartilage surface 
congruency and normalize load distributions and load bearing capacity, with sufficient 
biomechanical properties of newly formed tissue to guarantee smooth and pain free 
movement of the joint. At the end of this section the major randomized comparative trials 
are discussed.
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Osteotomies
Malalignment of the knee joint results in higher strains on either of the compartments. In 
combination with malalignment, an osteochondral lesion can undergo higher strains than 
normal and thus result in more complaints and also a lower chance of repair. In order to 
reduce these strains, a correction osteotomy can be performed to divert the forces from 
the (osteo)chondral lesion to the contralateral (healthy) compartment, which can lead to 
(temporary) symptom relief. 
Lavage and debridement
Cartilage debris in the synovial f luid can cause synovitis or joint effusion. By arthroscopic 
rinsing of the joint, the soiled synovial f luid is washed away which may reduce inflammation. 
Also, larger debris parts, causing mechanical symptoms as locking, can be removed. 
Irregularities on the cartilage surface can also be removed by the method of chondral 
shaving, in order to smoothen the surface and thus reduce crepitus and pain. Basically this 
technique is not a curative one, but it can provide (short term) relief of symptoms and pain.
Fixation of loose osteochondral bodies
In case of osteochondritis dissecans or after trauma, a (partially) separated osteochondral 
body can cause serious complaints of pain or locking. This body can either be removed, or 
when large enough be re-fixated by bone, metallic or bio-absorbable pins.
Stimulation of bone marrow
By penetrating the subchondral bone plate under a chondral defect, the vascular system is 
reached and a natural healing response is activated. Variations on this technique are drilling 
multiple holes, subchondral plate abrasion and microfracturing.
Subchondral hole drilling was popularized in the fifties by Pridie 6 and years later referred 
to as Pridie drilling. Later on Steadman introduced arthroscopic microfracture as a modern 
version of Pridie drilling and abrasion. Irrespective to the technique used, a fibrin clot is 
formed in the defect, attracting pluripotential mesenchymal stem cells from the bone 
marrow that potentially can dif ferentiate into fibro-cartilaginous repair tissue. 
In 2003 a publication of Steadman et al. on functional outcome described that 7 years after 
arthroscopic microfracture 80% of patients rated themselves as improved 7. Although this 
is a fairly good result, critics state that these results will deteriorate over time since mainly 
fibrocartilage is formed. This is backed up by some studies. A recent systematic review states 
that microfracture provides effective short-term functional improvement of knee function 
but that there is insufficient data available on its long-term results 8,9.
Tissue and cell transplantation
Repairing articular cartilage through tissue transplantation entails dif ferent approaches. On 
the one hand, transplantation of chondrogenic tissues that can stimulate cartilage repair, on 
the other hand the direct transplantation of hyaline cartilage.
Periostial and perichondrium grafts
Both periosteum and perichondrium are a source of pre-chondrogenic and pre-osteogenic 
cells and harvest locations can be relatively easy accessed. Although experimental studies 
on the use of rib perichondrium revealed repair tissue resembling hyaline cartilage, and 
short term clinical studies seemed promising, long term clinical results demonstrated the 
same outcome when compared to debridement and subchondral drilling 10-12. Because of the 
more invasive nature and lack of benefit today perichondrium grafts are not used anymore.
Periosteal grafts can be used in several ways. Periosteum can either be used directly as 
a whole tissue transplant, as a scaffold in autologous chondrocyte implantation or as a 
substrate for tissue engineering 13. Although easily accessible and its potent chondrogenic 
capacities, concerns remain on the use of periosteum. It seems that its chondrogenic 
potential is strongly related to the surgical experience with this harvest technique 14. 
Furthermore periosteal graft hypertrophy can cause morbidity, which can result in the need 
for a re-operation 15. 
Chondrocytes
The transplantation of cultured chondrocytes is a very appealing method that is under 
investigation for more than 40 years. The first clinical publication on autologous chondrocyte 
transplantation was by Brittberg et al. in 1994 16. This method is today referred to as 
Autologous Chondrocyte Implantation (ACI), where in a two-stage procedure chondrocytes 
are harvested in a lesser weight bearing region of the patellar femoral joint, cultivated and 
expanded in vitro and re-implanted in the chondral defect. Brittberg et al. re-implanted the 
cells under a periosteal f lap, which was sutured to the edge of the defect and sealed with 
fibrin glue 16. Two years after surgery results were promising with 87% good or excellent 
scores. Because of limitations as periosteal graft hypertrophy, alternatives like a collagen 
type I/III membrane or hyaluronic acid have been extensively explored in the last decade, 
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which is also referred to as MACI (Matrix-induced ACI). 
A problem with ACI or any cartilage repair technique is that chondrocytes are prone to de-
dif ferentiation to fibroblasts once their environment is changed. An approach to combat de-
dif ferentiation is called Characterised Chondrocyte Implantation (CCI) as described by Saris 
et al. since 2008 17. The whole process resembles ACI, however chondrocytes are used with a 
special gene marker profile, which is predictive of the capacity to form hyaline-like cartilage 
in vivo. After 3 years follow-up by Saris et al. CCI demonstrated a significantly better clinical 
outcome than microfracture measured by the mean improvement of the KOOS score 18. 
Also histological comparison of cartilage biopsy specimens after 1 year revealed significant 
better structural repair in the CCI group 17. A drawback of this method seems that expansion 
of the chondrocytes can fail, which apparently happened in 6 out of the 57 patients 18.
Transplantation of mesemchymal stem cells
Mesemchymal stem cells might be an interesting alternative for the use of dif ferentiated 
chondrocytes. They have a capacity to dif ferentiate into chondrocytes under optimal 
conditions. Bone marrow is an easy reachable source of mesenchymal stem cells. The harvest 
procedure is far less invasive than harvesting periost or perichondrium. It can be performed 
either in a one-stage or a two-stage procedure. 
In a one-stage procedure bone marrow is derived through a biopsy of the iliac crest and 
directly injected into the defect area under a collagen membrane or a periosteum flap, in 
the same manner as described in the previous paragraph. At 12 months follow-up in a study 
of 14 patients treated with bone marrow transplants under a periosteum flap nearly 86% 
where graded normal or nearly normal in the IKDC examination form 19. 
The two-stage procedure, where mesenchymal stem cells are isolated from the bone 
marrow and cultured in vitro, resembles the procedure of ACI. A recent study comparing 
bone marrow and autologous chondrocyte transplantation reveals an equal outcome in 
both study groups 20. Although not randomized and some other limitations, this study is 
a nice indication of the potential role of bone marrow transplantation in cartilage repair, 
especially because only one surgical intervention is necessary since the biopsy is done 
under local anaesthetics and no donor site morbidity can occur. The one-stage procedure 
of course is even less invasive and would also reduce the costs, but the benefit over other 
treatment modalities remains to be investigated in a comparative trial. 
Osteochondral transplantations
A fairly easy way of getting hyaline cartilage into a defect is by transplanting it as a whole, 
still connected to its subchondral bone (Figure 1). This can be done by either allograft or 
autograft transplants. 
Allografts
The main advantages of using allografts are that no morbidity occurs at harvest sites, which 
makes larger transplantations possible, and also the location of the harvest site can be 
chosen the same as the location of the defect site, which provides a better match in respect 
to cartilage composition, e.g. the thickness of the cartilage and the level of the tidemark. 
A major disadvantage of using allografts is the risk of transmission of infections, such as 
hepatitis or HIV, and its limited availability. Furthermore, although hyaline cartilage, because 
of its avascular nature, possesses little immunogenicity, still cell viability after allografting 
seems to decease in time 21. To minimize the risk of infections allografts can be freeze dried, 
but this further decreases the viability of the transplanted chondrocytes as it is known that 
“the success of an osteochondral graft implantation is directly related to the percentage of 
viable chondrocytes that remain after implantation” 2.
Autografts
Besides no immunological reaction, the major benefit of autografts over allografts is the 
freshness of the grafts and thus the viability of the chondrocytes. The main disadvantages 
are a limited amount of supply because of the need for harvest locations and the risk of donor 
site morbidity (see further ahead at the paragraph Donor site morbidity). Subsequently only 
lesions with a limited size can be treated with this technique. Autologous Osteochondral 
Transplantation (AOT) is discussed more in detail in the next section. 
Figure 1
A. Macroscopic osteochondral defect on the 
medial femoral condyle.
B. Autologous Osteochondral Transplantation 
for this defect. Transplants are harvested 
from the lateral trochlea. Chips of 
subchondral bone from the defect site are 
impacted into the donor site defects.
A B
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Tissue engineering
Of course the ultimate technique for restoring the cartilage surface defect would be to 
fill it with a freshly formed new hyaline cartilage layer. Since the body is not capable of 
doing so, research today mostly focuses on tissue engineering of hyaline cartilage. The 
latest technique uses a tissue engineered bovine collagene I honeycomb matrix seeded 
with chondrocytes, which is subdued to hydrostatic pressure to stimulate production of 
collagen type II, aggrecan and other extra cellular components 22,23. The pressure not only 
results in production of these vital components but also prevents de-dif ferentiation and 
thus results in higher concentrations of hyaline cartilage. A recent case series of 10 patients 
shows good incorporation and survival of the transplants and pain reduction after 2 years 
24. A prospective randomised trial of this technique compared to microfracture as a control 
is currently in progress.
Joint replacement
Artificial joint surface replacement with a prosthesis in focal cartilage lesions serves as a last 
resort and is usually only used as a salvage procedure in persistent pain and disability of the 
knee, after above treatments have failed. 
As described above every technique has its benefits and drawbacks. Unfortunately literature 
is inconclusive on the best solution. Conclusions of the larger randomised comparative trials 
are conflicting, so it is dif ficult to define the ultimate technique. It seems more and more 
that dif ferent strategies are needed for dif ferent types of lesions, depending on nature, size, 
location and depth of the lesion. A broader discussion on the outcome of the randomised 
comparative trials and a guideline for choosing the optimal treatment strategy will be 
provided in Chapter 8 of this thesis.
Despite aforementioned discrepancies in literature, contemporary tissue engineering 
is the main topic of research and probably possesses the potential for the future, but it 
remains to be further developed and investigated with high-quality comparative clinical 
trials. Furthermore, like ACI, it involves a time consuming two-stage procedure and still is an 
expensive treatment modality. AOT offers a much cheaper one-stage procedure with readily 
available articular cartilage. Since AOT is the focus of this thesis it is discussed in more detail 
in the next section.
Autologous Osteochondral Transplantation 
AOT involves the transfer of cylindrical plugs of subchondral bone and covering intact 
hyaline cartilage from a relatively non-weight bearing location of the trochlear groove area 
to the chondral defect on the femoral condyle (Figure 2). In literature AOT is often also 
referred to as ‘mosaicplasty’, as first mentioned by Hangody 25, because of the mosaic-like 
configuration when using multiple grafts. In essence AOT diverts a large problem area from a 
full weight bearing to a larger number of smaller problems in the less weight-bearing region. 
Since the first publication in 1985 26 about two successful osteochondral transplantations in 
osteochondritis dissecans in the knee, many reports are published on clinical outcome, the 
ideal harvest location and plug size. Vital parameters for a successful outcome seem the size 
of the defect, stability of the transplanted plugs, achieved surface congruency and extent 
of donor site morbidity 27-33. 
Operative technique
The AOT technique has been widely promoted and described by Hangody 34,35. The operation 
can be done both open and arthroscopically, depending on surgeon preference, defect 
location and size. Today dif ferent types of AOT kits of variable diameters are available. All 
provide the same basic tools: a cylindrical preparation tool for the defect site and a cylindrical 
harvest tool for the donor site. They are inserted in the cartilage and underlying subchondral 
bone, either drill guided or by tampering with a hammer, the latter is most commonly used. 
When the chisel is inserted, the graft is usually detached from its base by rotating the chisel 
Figure 2
Schematic sequence of an Autologous Osteochondral Transplantation in the knee. From left to right: the 
defect is shown at the arrow, donor plugs are harvested at the trochlear area and inserted in the defect.
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harvest location is one thing but it is also important to make sure that plugs are harvested 
perpendicular to the surface 37. If not, then the relatively crooked surface can generate peak 
stresses at protruding edges of either the plug or the defect. In general it is vital to achieve 
an accurate flush level. We know that a plug left protruding is much worse on transplant 
survival than a plug placed or displaced below flush level 32,42,43. One might even speak of 
clinical failure if a plug is left protruding.
Stability of transplanted plugs
Structural stability is needed to prevent displacement in the weeks after surgery and to 
guarantee ingrowth of the plugs in the subchondral bone. Lack of stability might result in 
tilting of plugs, resorption of subchondral bone and cyst formation at contact areas 44. All 
transplantation devices share the same strategy towards optimal stability of the plugs. The 
diameter of the plug is chosen somewhat larger than the diameter of the preparation hole 
at the recipient site, so the plug is actually slightly oversized. This is to provide a “press fit” 
situation in which the plugs are held in place by wall friction of the subchondral bone.
Plug size
The bigger the plug’s dimensions, the larger the contact area between plugs and surrounding 
subchondral bone. Because of more friction, higher forces are needed to displace a plug 27,45. 
Therefore using larger plugs (both in diameter and length) during surgery should result in 
higher stability of the transplants. This effect is extensively discussed in Chapter 2, following 
a biomechanical study on stability in concordance with three dif ferent lengths of plugs in 
combination with two dif ferent positioning techniques.
Bottoming
To prevent protrusion of the transplants, surgeons often choose to place a plug that is 
slightly shorter than the depth of the recipient hole, assuming wall friction alone will hold 
the plug in place. It could well be that this ‘f loating’ plug will get displaced when the knee 
is mobilized in the first weeks after surgery. Discussion about this subject can be found 
as a red line throughout this thesis but especially in Chapters 2 to 4, following studies on 
‘bottoming’ transplants to provide more stability. Bottoming means matching plug length 
exactly to recipient depth to get a solid contact of the plug on the bottom of the defect, 
while the cartilage is exactly at f lush level. To do so, first the defect site is prepared with 
the recipient harvest tool and flattened at the bottom by tempering with a circular rod. 
quickly round its axis. In general, the defect (or recipient) area will be debrided first before 
the transplantation. Hereafter, the defect site is prepared by harvesting a plug of usually 
10-15 mm length. Then a plug of the same length is harvested from the donor site. It is 
important to harvest both plugs perpendicular to the cartilage surface, to optimize surface 
congruency. If the donor plug is too long, some subchondral bone could be removed from 
its base by a bone nibbling plier. Most orthopaedic surgeons choose to harvest a plug slightly 
shorter than the depth of the recipient site to prevent protuberance of the transplant. If the 
length is right, it is placed in the recipient hole in an orientation that seems to provide the 
best match between the plug’s surface and the curvature of the condyle. Finally it is softly 
tampered in place until both surfaces are aligned and therefore “f lush level” is achieved. If 
multiple plugs are needed to cover the whole defect than this procedure is repeated. This 
can be done either with or without overlap of the plugs. Aftercare consists of a period of 
minor-weight bearing, on average 6 weeks 36.
Harvest location
The ideal harvest location would be a load free area, with equal surface curvature and 
cartilage and subchondral bone properties as the defect area prior to the injury. Reviewing 
literature, studies regarding donor site locations are found describing pressure analysis, 
surface congruency matching, plug perpendicularity and even cartilage split-line patterns 
37-41. These studies showed that the best location is the trochlear area, more in particular 
the central medial trochlea, where the least weight bearing is found. The lateral trochlea, 
because of its larger surface, is second best suited if a larger defect is treated and therefore 
multiple plugs are needed. On both medial and lateral trochlea the contact pressures are 
lower more distal, and the surface congruency, with respect to the condyles, is better more 
peripheral.
Surface congruency
It is generally assumed that restoring surface congruency of the condyle is important for 
successful outcome after AOT. Because of a smooth gliding contact with the tibia plateau, 
forces will be evenly spread and strains on the cartilage edges of plugs and the defect will 
be minimized, which is beneficiary to hyaline cartilage survival 32,33. In Chapter 3 a cadaver 
study is presented focussing on contact stress restoration before and after reconstruction of 
a cartilage defect with AOT. 
Achieving optimal congruency depends on several factors. Selecting the best topographic 
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Secondly, after accurately measuring the depth of the recipient site, a plug is harvested 
somewhat longer than needed and meticulously corrected to this measure by nibbling of 
some subchondral bone at its base by nibbling pliers. This could be especially beneficiary in 
a multiple plug transplantation.
Cartilage integration
When reviewing the literature all studies but one 46 show a lack of hyaline cartilage 
integration between neighbouring cartilage edges after AOT. Apparently there will usually 
remain a gap at the intersections that is either (partially) filled with fibrocartilage or is even 
left completely empty. The latter could of course be due to the relatively short time span 
of these studies. Longer after surgery gaps might all be filled with fibrocartilage. It is even 
uncertain and will be dif ficult to discover if this has implications on clinical outcome, but 
this lack of integration was interesting enough to analyse in a biological study. This lack of 
integration might correspond to lack of stability, as discussed in Chapter 4 where an in vivo 
goat study is presented. 
Donor site morbidity
Inherent to the AOT technique are donor site defects. Even if the transplantation is successful, 
these harvest defects could well influence outcome. Because of the lower weight bearing 
at the trochlear groove area some surgeons regard these defects to be of minor importance 
29,30. Although they do acknowledge the fact that for a larger area, that needs to be treated, 
more plugs are needed and consequently a higher risk of donor site morbidity exists. General 
consensus is that the ideal lesion size ranges from 1 to 4 cm2 28.
There is no true consensus on which diameter is optimal for a transplantation. However, it 
is recognized that in multiple plug transplants, surface congruency can be better restored 
when using smaller plugs. Logically a larger diameter plug and thus a larger harvesting 
defect is more likely to result in donor site morbidity. This is discussed in Chapter 6  following 
a study on bone scintigraphy, where rather large plugs were used and more than usual 
donor site morbidity was found.
If donor site defects would get completely filled and the surface integrity could be restored, 
even if it were with fibrocartilage, this might reduce morbidity. Therefore several filling 
techniques are used and described, such as osteochondral bone chips, osteoperiosteal 
plugs from the proximal tibia, biomaterials such as collagen or newer methods like biphasic 
scaffolds. In Chapter 4 some reflections on this subject can be found following an in vivo 
goat study where two dif ferent donor site filling strategies were compared.
Background and aims of this thesis
During his final medical school internship at the Orthopaedic Department of the Rijnstate 
Hospital in Arnhem, the Netherlands, the author wrote a case report on a full thickness 
histological evaluation of retrieval specimens of an AOT. It was then that the author became 
aware of this apparently fairly simple solution to a minor but sometimes enormously 
debilitating disorder. After this first encounter with AOT and stimulated by the enthusiasm 
of his supervisor Dr. Job van Susante, a thesis was outlined to investigate more deeply the 
future value of this surgical intervention. 
The thesis solely focuses on Autologous Osteochondral Transplantation or AOT as treatment 
modality for the more smaller, focal cartilage lesions in the knee. 
Summarized, the aims of this thesis were to:
1. Establish the impact of transplant subsidence and its prevention (Chapters 2 – 4)
2. Identify surgical techniques to optimise the AOT procedure (Chapters 2 – 7)
3. Outline the importance of surface congruency of the osteochondral transplantation 
(Chapters 3 & 4)
4. Analyse contact pressure patterns from osetochondral defects and compare them with 
intact and subsequently transplanted areas (Chapter 3)
5. Evaluate chondrocyte survival and subsidence tendency after osteochondral 
transplantation both in the human and in animal experiments (Chapters 4 & 5)
6. Determine a relationship between biomechanical stability and transplant viability 
(Chapter 4)
7. Evaluate the course of scintigraphic activity at both recipient and donor site after AOT 
(Chapter 6)
8. Underline the impact of donor site morbidity (Chapter 6)
9. Evaluate patient selection and outcome (Chapter 6 & 7)
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Introduction
In the past decade, osteochondral autologous transplantation has gained popularity for the 
treatment of full-thickness articular cartilage defects. Intrinsic stability has been shown to 
be an important factor for optimal in-growth of the transplanted plugs 1,2 and thus appears 
to be correlated with a successful outcome. It seems plausible that the longer the plugs the 
greater the stability, because of higher frictional forces that hold the plugs in place. It also 
seems to be obvious that placing the plug directly on the bottom of the defect (rather then 
leaving a void underneath the plug) should result in a more stable situation.
Some authors have reported that protrusion of plugs results in higher contact pressures, 
which may damage the transplanted hyaline cartilage 1,3,4. In practice, the surgeon often 
creates a deeper recipient site defect than the length of the harvested plug (unbottomed). 
In this way, the procedure is less time-consuming but, more importantly, the surgeon can 
make sure that the plug(s) will not protrude. By doing so, the surgeon is assuming that the 
frictional forces alone will provide enough stability for a plug not to become displaced 
below flush level.
We assessed the effect of length and depth alignment of the bone plug on its stability.
Material and methods
Material
We used 3 pairs of human distal femora. Specimens were freshly frozen and thawed at room 
temperature overnight before testing.
Preparations
The femoral side of a specimen was positioned in a steel container, in which it was fixated 
with screws and acrylic cement. Each condyle was marked with 3 permanent dots at the 
sites where the plugs were to be transplanted. The same procedure was carried out for the 
donor sites at the trochlear regions (Figure 1). Orientation and location of the plugs were 
selected such that they would not interact in the subchondral bone regions.
Plug locations were as follows. Every femoral condyle received 3 transplanted plugs of 
dif ferent lengths (8, 12 and 16 mm, respectively), alternating in position. Trochlear locations 
(donor sites) were treated in the same manner. If in one knee the plugs for the medial condyle 
Abstract
Background
Osteochondral autologous transplantation is used for the treatment of full-thickness 
articular cartilage lesions of a joint. Press-fit stability is an important factor for good survival 
of the transplanted plugs.
Material and methods
 36 plugs of three dif ferent lengths were transplanted in fresh-frozen human knees. On one 
condyle, 3 plugs were exactly matched to the depth of the recipient site (“bottomed” plugs) 
and on the opposite condyle 3 plugs were 5 mm shorter than the depth of the recipient site 
(“unbottomed” plugs). Plugs were left protruding and then pushed in until f lush, and then to 
2 mm below flush level, using a loading apparatus.
Results
Longer plugs needed higher forces to begin displacement. At f lush level, bottomed plugs 
needed significantly higher forces than unbottomed plugs to become displaced below 
flush level (mean forces of 404 N and 131 N, respectively). Shorter bottomed plugs required 
higher forces than longer bottomed ones.
Interpretation
Bottomed plugs generally provide much more stability than unbottomed ones. Short 
bottomed plugs are more stable than long bottomed plugs. Thus, in clinical practice it is 
advisable to use short bottomen plugs. If, however, unbottomed plugs are still chosen, the 
longer the plug the higher the resulting stability will be because of higher frictional forces.
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than the plugs, so that the edges of the surrounding host cartilage were not touched when 
the plunger pressed through flush level. The machine was set at displacement control with a 
rate of 0.5 mm per sec, and both the displacement and the force generated were recorded at 
a rate of 20 samples per sec. Following the previously measured plug height (approximately 
5 mm above the joint surface), the machine was then set to move the plug until f lush level 
was obtained, to stop for three seconds (to mimic the steady position of a plug after a 
normal OATS procedure) and to press further to 2 mm below flush level. The end result after 
testing is shown in Figure 1.
Evaluation of variables
Each of 6 knees provided 6 plugs, 2 of each length, of which 1 was bottomed and 1 
unbottomed. Thus, there were 36 plugs in total: 12 of 8 mm, 12 of 12 mm and 12 of 16 mm, 
half of them bottomed and half unbottomed.
3 general groups were created for statistical evaluation: (1) the whole group of all plugs 
were “bottomed”, the plugs of the lateral condyle were placed in a recipient site defect, 5 
mm deeper than the plug length, and so these plugs were “unbottomed” (Figure 2). In the 
contralateral knee of the same patient, bottoming was performed in the opposite condyle, 
to rule out possible dif ferences between lateral and medial condyles.
Bone plug transfer and testing
For the osteochondral transplantation we used a disposable 6 mm Osteochondral Autograft 
Transfer System (OATS) (Somas, Sint Anthonis, the Netherlands). When an osteochondral 
plug was to be bottomed, the bottom of the defect was tampered and measured for its 
depth. The plug harvested from the donor site was matched for this measured depth by 
removing some subchondral bone with surgical bone-nibbling pliers. The harvested plugs 
where then tampered in place until about 5 mm from flush with the recipient site cartilage 
surface (Figure 1), and this height was carefully measured.
After finishing one knee, the steel container was clamped on top of a tilting platform, so 
that tilting was possible in two opposite directions. The surface of one plug was placed 
horizontal in two planes and positioned under a plunger connected to a loading apparatus 
(Figure 1). This plunger had a diameter of 5.5 mm and was thus slightly smaller in diameter 
Figure 2
A. 3 bottomed plugs of dif ferent lengths (8–16 mm). The cartilage of the plugs is nicely f lush with the 
surface of the recipient site, and the bottoms of the plugs are exactly positioned at the bottom of the 
defect.
B. 3 unbottomed plugs of same lengths as in a. The cartilage of the plugs is also nicely f lush but the 
bottoms of the plugs “f loat” about 5 mm above the bottom of the recipient site defect.
C. 2 short plugs of 8 mm, after being pushed 2 mm below flush level by the plunger. The left plug is 
bottomed and the right plug is unbottomed. Notice the compression of subchondral bone at the 
bottom of the bottomed plug. The thicker white arrow represents the fact that more force is needed 
to displace the bottomed plug.
Figure 1
A. The distal femur fixated in a steel container. Dots indicate locations for plug harvesting.
B. Femoral condyles after partial mosaicplasty. Plugs are placed approximately 5 mm above f lush level.
C. Specimen under loading apparatus.
D. Specimen after the experiment was fully completed. Plugs are approximately 2 mm under f lush level. 
Left side bottomed, right side unbottomed.
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diminished after motion (stage d) was obtained, so in that case the endpoint of this stage 
was used.
Statistics
No significant or apparent dif ferences between specimens for sex, knee side, condyle side 
or condyle locations were found.
Stage a. In the whole group, the 12 mm and 16 mm plugs showed higher forces (Table) when 
compared to 8 mm plugs (p = 0.01 and p = 0.02, respectively). For the 12 mm and 16 mm 
plugs, forces were similar. The bottomed group and unbottomed group were not reviewed 
separately, because at this stage all plugs were in fact still unbottomed.
Stage b. No apparent tendencies or significant dif ferences were found in any of the groups.
Stage d. In the unbottomed group, there was a trend showing a relationship between longer 
plugs and higher forces, but no statistically significant significance was found. For the whole 
group and the bottomed group, no apparent tendencies in the relationship between plug 
length and force were found.
Stage e. A clear dif ference was found between bottomed and unbottomed plugs; forces 
(bottomed and unbottomed combined), (2) a group with only bottomed plugs, and (3) one 
with only unbottomed plugs.
Statistics
Differences for plug lengths, bottomed versus unbottomed, patient, left or right knee, medial 
or lateral condyle and location on condyle were examined within and throughout the groups. 
For statistical analysis, we used SPSS 9.0 for Windows. Groups were not normally distributed 
and the general linear model for multiple variances was used, to evaluate the dif ference in 
influence of plug length and perfect depth alignment. For testing of significance, we used 
the Tukey, equal variances assumed, post-hoc test. P-values less than 0.05 were considered 
to be statistically significant.
Results
Force-time curves showed some typical characteristics (Figure 3). The following were visible 
in all plots: the force required to start the initial displacement of the plug (a), the relatively 
constant increasing force to displace the plug until f lush (b), then a waiting period of 3 
seconds (c) during which a slightly reduced force was maintained. The second starting force 
from flush level (d) and the push-through force (e) were also visible.
The maximum force measured (in Newtons, N), seen at individual stages a, b, d and e, was 
used for the evaluation, except for stage e in the unbottomed group, where forces often 
Figure 3
Schematic graph showing 
force and displacement in time 
for both a bottomed and an 
unbottomed plug of 16 mm. 
Stage a. shows the force needed 
to start the initial displacement 
from approximately 5 mm 
above f lush level. Stage b. 
shows the maximum force 
needed to get the plug f lush. 
Stage c. is a three-second 
waiting period. Stage d. is the 
second starting point from 
flush level. Stage e. is the force 
required to push the plug 2 
mm below flush level.
Table 
Stagea Plug 
length 
(mm)
Whole 
group 
(N)
P-value Bottomed 
(N)
P-value Unbottomed 
(N)
P-value 
bottomed vs 
unbottmed
a 8 27 (10) (8 vs 12) 0.01
12 47 (21) (8 vs 16) 0.02
16 45 (16)
b 8 143 (45)
12 150 (70)
16 138 (59)
f lush level
d 8 161 (48) 135 (40)
12 187 (76) 145 (52)
16 150 (69) 153 (61)
e 8 528 (69) (8 vs 12) 0.03 123 (58) < 0.001
12 384 (76) (8 vs 16) 0.001 171 (43) < 0.001
16 294 (105) (12 vs 16) 0.12 151 (69) 0.02
a See Figure 3
Mean forces (SD) and significant p-values
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friction, combined with the small number of plugs per group (n = 6) and possible inter-plug 
variance, also accounts for the fact that no obvious associations were found in stage b.
When pushing bottomed plugs past f lush level (stage e and Figure 2c), we found an 
association between plug length and displacement forces. When using longer plugs, lower 
forces were needed. Hence, when plugs are bottomed they are more stable if they are shorter. 
It seems that the intact, still fully integrated trabecular system of the (subchondral) bone 
supporting a plug is more stable than a long column of subchondral bone in a harvested 
plug; thus, longer plugs are more easy to compress than shorter ones. Even so, when plugs 
are being bottomed, regardless of length, this always results in a more stable situation at 
f lush level than when plugs are unbottomed (Figure 2).
We realize that this experiment has been conducted ex vivo, and thus represents clinical 
reality only to a limited extent. However, by using fresh-frozen human knees, we believe 
we have approximated a clinical situation as well as possible. The displacement of the 
plunger was a relatively slow and continuous motion. This dif fers considerably from the 
clinical setting, in which the plugs are tampered into position. The plunger displacement as 
prescribed in this study provided optimal reproducibility, however. Furthermore, we realize 
that we used only one single plug and therefore did not perform an actual mosaicplasty, 
where other factors play a dominant role in maintaining a stable position, such as inter-plug 
and plug-host incongruencies, surface curvature and dif ferences in contact pressures. Also, 
in comparing donor plugs and their recipient site, cartilage layer thickness was not equal; 
however, this risk is the same in clinical practice. Tidemarks will often not be at the same 
level, but for a successful outcome we believe that it is more important that the cartilage 
surfaces are flush.
Stability
Duchow et al. 15 performed some tests on the use of dif ferent plug lengths and diameters and 
found significant dif ferences, but they only tested the pull-out strength of the plugs, which, 
clinically, seems to us to be of less importance than the push-through force. More recently, 
Kordas et al. 16 reported that bottomed plugs were more stable than unbottomed ones, 
but only a few groups were compared. They also suggested that if plugs were bottomed, 
a recipient site would result in higher impaction forces to get the (relatively longer) plug at 
f lush level. As discussed earlier, protrusion of a plug will most likely result in failure, especially 
when a plug is bottomed and there is no possibility of subsidence of the plug. So when 
placing a plug that is longer than its recipient site, this risk is a real one; therefore, this test 
needed to push the plugs below flush level were greater for bottomed plugs. In the 8 mm 
group, mean forces were 528 N and 123 N, respectively (p < 0.001). In the 12 mm group, 
mean forces were 384 N and 171 N, respectively, (p < 0.001) and in the 16 mm group the 
corresponding values were 294 N and 151 N (p = 0.02).
Within the bottomed group, the 12 mm and 16 mm plugs showed lower mean forces, 384 
N and 294 N respectively, than 8 mm plugs (p = 0.03 and p = 0.001, respectively) where the 
mean force was 528 N. No significant dif ference in mean force was found between 12 mm 
and 16 mm plugs (p = 0.12), although there was a similar trend.
Discussion
Osteochondral autologous transplantation is a relatively simple method for directly placing 
healthy hyaline cartilage into full-thickness articular cartilage defects of the weight-bearing 
area of the knee. Although short-term and mid-term outcome results are promising 5-8, there 
are some problems such as donor site morbidity 9,10, cartilage integration and survival 11-13, 
and cyst formation in the subchondral bone 1. Lack of cartilage integration between plug 
and surrounding cartilage is still an unsolved problem. Damage to cartilage can mainly be 
attributed to higher contact pressures generated from surface irregularities and height 
misalignment of the plugs with their surrounding cartilage. Healthy and thus well-integrated 
subchondral bone, from which chondrocytes receive their nutrition, is also important for 
survival of the hyaline cartilage. Cyst formation has mainly been ascribed to instability of the 
plugs and the possibility of synovial f luid entering subchondral bone locations. Whiteside 
et al. 14 have already reported that the initial stability after plug transfer becomes reduced 
by more than 50% after 1 week. These factors emphasize the necessity to provide as much 
stability as possible to the plugs during osteochondral transplantation.
Interpretation of results
We found that when displacing unbottomed plugs, higher forces are needed when using 
longer plugs because of higher frictional forces (Figure 3: stages a and d; Figure 2b). For a 
plug to become displaced from its steady position, static friction must be overcome (stages 
a and d). This is generally higher than dynamic friction, which must be overcome when the 
plug has already gained motion (stages b and e). This explains why stage a shows a much 
steeper curve, meaning higher forces per displacement unit, than stage b (as also with stage 
e in comparison to stage d in the unbottomed group). Perhaps this relatively low dynamic 
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Clinical relevance
Bottoming of plugs generally provides greatest stability. When using unbottomed plugs, 
longer plugs result in higher stability and are thus advisable in clinical practice. When 
there are few harvest locations and/or harvesting of long plugs is prohibited because of 
interaction in the subchondral bone regions, the use of short, bottomed plugs may help to 
overcome this problem, and may even provide the most stable reconstruction.
Contributions of authors
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seems hardly contributable to clinical practice.
In most biomechanical studies, including ours, only stability in the sagittal direction has 
been addressed. In general, longer plugs generate higher frictional forces and are therefore 
more dif ficult to displace. In our opinion, even an almost bottomed plug, irrespective of 
length, can be considered to be unbottomed. The little void underneath the plug initially 
results in a less stable situation, with a greater risk of the plug subsiding below flush level (and 
thus more risk of failure) than when the plug is bottomed exactly. As stated before, shorter 
bottomed plugs appeared to be more stable than longer bottomed ones, but whether this 
leads to improved clinical performance remains to be investigated.
Cartilage survival
If longer plugs produce higher retention strengths (in a push-through configuration), it 
would also require a higher force to tamper the longer plugs in place. These forces could 
potentially become so high that the viability of the cartilage cap might be compromized. 
While impacting articular cartilage, Repo and Finlay 17 found a threshold of 25 Mpa, below 
which chondrocyte death or structural damage was seen. Torzilli et al. 18 also reported that 
this force should not exceed 15–20 Mpa, to prevent cartilage degeneration. If one takes the 
lowest acceptable compression stress as 15 MPa, in our setting, with a plunger size of 5.5 
mm diameter, this would mean a compression force of 356 N. This threshold reflects a single 
impact force and is probably best approximated by the maximum force we found to get the 
plug at f lush level, though the plunger was smoothly moved instead of tampered. Maximum 
measured force was 247 N (mean 144 N) and therefore this threshold was not reached, 
but in clinical practice multiple tampering is actually necessary to get the plugs in place. 
Nabavi-Trabrizi et al.  19 described cartilage damage following plug transfer by means of 
consecutive tampering with either a plastic or steel hammer, while tampering was limited to 
5 times. We have found no reports on the influence of force repetition on cartilage viability 
and on whether the repetitive forces must be combined, or that the cartilage can recover 
between impacts. In our study, the fact that this critical force was not reached is probably 
best ascribed to the fact that only one-time static friction had to be overcome, while in the 
case of consecutive tampering this force has to be overcome several times. It remains to be 
shown whether the use of shorter plugs and a more continuous motion for displacement of 
the plugs will prohibit damage to the cartilage cap.
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Introduction
Full-thickness cartilage defects may lead to early osteoarthritis 1-3. Osteochondral 
transplantation is a successful treatment for these defects, but the outcome is dependent on, 
among other parameters, stability and restoration of surface congruency 4-6. In our previous 
study about the effect of perfect depth alignment of a transferred plug 7, we evaluated 
the dif ference in stability between bottomed plugs (donor plug length and recipient 
defect depth accurately matched) and unbottomed plugs (donor plug is left shorter than 
the recipient defect depth). That study demonstrated that bottoming plugs resulted in a 
significantly more stable situation than unbottoming plugs. Unbottomed plugs leave a 
cavity at the bottom of the defect and therefore rely exclusively on frictional forces. When 
performing only a single-plug transfer the whole plug is, in most cases, nicely surrounded 
by (subchondral) recipient bone, and stability is fairly good, bottomed or not. However, 
when performing osteochondral transplantation where more than one plug is needed, 
stability is probably lower because of gaps between the round plugs and their surrounding 
bone. Kordas et al. 8 reported in agreement with this that the push-in force below flush 
level for (unbottomed) multiple grafts was significantly lower compared to a single graft. 
Theoretically, width dif ferences of the cartilage layer between trochlea (donor area) and 
condyle (defect area) might have an influence on restoration of surface congruency.
Usually a patient is restricted in weight bearing after osteochondral transplantation. 
Rehabilitation periods of two weeks of non-weight bearing and an additional two to three 
weeks of partial weight bearing are reported in the literature 1. This period facilitates good 
ingrowth of (subchondral) bone 5,9 and thus ensures the preservation of surface congruency 
as it was intended directly post-operative. Histological research has proven that after 
transplantation bone resorption takes place on the recipient site and on the graft surface 10,11. 
This might be one reason for a gradual loss of the initial press-fit stability postoperatively and 
a cause of subsiding below flush level of the graft during follow-up. Accordingly, Whiteside 
et al. 12 reported a reduction in short-term load bearing capacity of a single-plug transplant 
one week after transplantation. Press-fit mechanisms provide stability up to 4 weeks 1; 
subsequently, this is taken over by the integration of the graft and the recipient bone 9.
The objective of the present study was to investigate the biomechanical effectiveness 
of osteochondral transplantation. More specifically we assessed whether the treatment 
would decrease peak stresses at the boundaries of the original articular cartilage defect. 
Subsequently, we analysed if articular stresses were dependent on plug placement 
Abstract
Osteochondral transplantation is a successful treatment for full-thickness cartilage 
defects, which without treatment would lead to early osteoarthritis. Restoration of surface 
congruency and stability of the reconstruction may be jeopardized by early mobilization. To 
investigate the biomechanical effectiveness of osteochondral transplantation, we performed 
a standardized osteochondral transplantation in eight intact human cadaver knees, using 
three cylindrical plugs on a full-thickness cartilage defect, bottomed on one condyle, 
unbottomed on the contralateral condyle. Surface pressure measurements with Tekscan 
pressure transducers were performed after five conditions. In the presence of a defect the 
border contact pressure of the articular cartilage defect significantly increased to 192% as 
compared to the initially intact joint surface. This was partially restored with osteochondral 
transplantation (mosaicplasty), as the rim stress subsequently decreased to 135% of 
the preoperative value. Following weight bearing motion two out of eight unbottomed 
mosaicplasties showed subsidence of the plugs according to Tekscan measurements. This 
study demonstrates that a three-plug mosaicplasty is effective in restoring the increased 
border contact pressure of a cartilage defect, which may postpone the development of 
early osteoarthritis. Unbottomed mosaicplasties may be more susceptible for subsidence 
below flush level after (unintended) weight bearing motion.
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used for each knee. The sensor measurements were presented as a 22 by 26 pixel matrix with 
square pixels. For the osteochondral transplantations, a disposable 8 mm Osteochondral 
Autograft Transfer System (OATS) was used (Arthrex, Somas, Sint Anthonis, The Netherlands).
Preparations
Skin, muscles, excess soft tissues, patella and the anterior part of the knee capsule were 
removed from each knee, whereas collateral ligaments and intra-articular structures 
were left intact. In this way the tibio-femoral joint area was uncompromised and yet was 
accessible from the anterior side. Dorsally two small ‘windows’ were created in the capsule, 
giving access to the posterior part of both condyles. The femur as well as the tibia and 
fibula were sectioned at ~18 cm from the joint space. The knee was then placed in a knee-
testing device, which was used in earlier experiments 15,16 (Figure 2). This device provides five 
degrees of freedom of motion for the tibial side, whereas the femoral side has one degree of 
freedom and can additionally be manually displaced for f lexing or extending movements of 
the knee (Figure 2). Weights could be attached to the femur side such that the force may be 
directed through the longitudinal axis of the femur. To simulate partial weight bearing, we 
applied 350 N as a tibio-femoral compressive force. Previous research at our institution has 
shown that a force of 171 N (unbottomed) and 384 N (bottomed) was necessary to push a 
single-plug mosaicplasty below flush-level 7.
(bottomed versus unbottomed) and how this was affected by loads that represented (for 
instance unintended) early weight bearing.
Materials and methods
Materials
Eight intact human cadaver knees obtained from the anatomical department, from individuals 
70–80 years old of unknown gender, were used. Exclusion criteria were severe arthrosis of 
donor or graft area and malignant processes within the knee. Specimens were freshly frozen 
and thawed at room temperature overnight before preparation and testing. The K-scan 4000 
(Tekscan Inc., Boston, MA) (Figure 1) was used for measuring surface congruency according 
to a previously discussed protocol 13. Before testing, each new Tekscan sensors was pre-
loaded and calibrated, as suggested by the Tekscan manual and by Brimacombe et al. 14. For 
this loading, a circular plastic plunger, that almost covered the entire width of the sensor, 
was placed underneath a small loading platform where weights could be placed on top. 
Each sensor was calibrated separately and calibration files were stored. A new sensor was 
Figure 1
Tekscan K-4000 measuring device 
with two thin (0.089 mm) and f lexible 
pressure sensors, which were able to 
conform to the anatomy of the medial 
and lateral knee compartments. The 
sensors consist of printed circuits 
divided into grids of load-sensing 
regions. Each sensor measured 28 x 33 
mm, with a total of 572 pixels with a 
surface per pixel of 1.27 mm2.
Figure 2
A. Knee-testing device. B. Circular plastic cap for positioning of Tekscan sensor. C. Tekscan sensor in situ. 
D. Special mould for OATS. E. Three-plug mosaicplasty placed f lush in full-thickness osteochondral defect
D
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performed as bottomed, three defects were created, approximately 15 mm deep and the 
bottoms of the defects were tamped. Following measuring of the depths of these defects, 
three of the 18 mm donor plugs were matched for these depths by carefully removing some 
subchondral bone with surgical bone-nibbling pliers according to clinical practice. Plugs 
were orientated such that the most congruent surface would be achieved. These plugs 
were tampered in place, until f lush level of the cartilage surface with the recipient site was 
achieved (Figure 2). At the opposite condyle, which was to be unbottomed, three defects 
of approximately 20 mm depth were created, and the donor plugs of 15 mm were used. The 
dif ference of 5 mm in length between the defects was essential for the unbottomed plugs 
to be sure to have a cavity at the bottom of the defect and therefore rely exclusively on 
frictional forces.
The ‘mosaicplasty’ surface measurement (C) was executed after performing both 
mosaicplasties. The ‘non-weight bearing motion’ measurement (D) was performed following 
flexing and extending the knee 20 times, while no weight was attached to the test device. 
The axial load of 350 N was re-applied before the measurement was performed. The final 
‘weight bearing motion’ measurement (E), was performed once the knee had been flexed 
and extended 20 times with 350 N of axial force applied to the knee while performing the 
flexion-extension movements.
Evaluation of variables
Each of the eight knees provided two paired standardized mosaicplasties of three plugs, 
one bottomed and one unbottomed. Thus, there were 16 mosaicplasties: eight bottomed 
and eight unbottomed. Three general groups were created for statistical evaluation: the 
whole group of all mosaicplasties (bottomed and unbottomed combined), a group with 
only bottomed and one with only unbottomed mosaicplasties. The five measurements 
performed were: (A) preoperative, (B) defect, (C) mosaicplasty, (D) non-weight bearing 
motion, (E) and weight bearing motion.
Relative to the reconstructed surface, we defined two specific regions of interest: the 
mosaicplasty area itself and the border of the reconstructed surface. The first region 
obviously quantified the amount of stress transferred at the mosaic site, whereas the second 
region was selected to quantify the amount of stress transferred to the border of the defect. 
The mosaicplasty area (region 1) was a circle with a diameter of 16 mm, for which the best 
fitting circle representing the standardized defect was obtained on the Tekscan sensor 
matrix (Figure 3). This circle was obtained by calculating the lowest surface pressure of a 16 
mm diameter circle in the non-reconstructed (defect) case. The border region (region 2) was 
Operation and testing
First, donor sites were marked with a permanent marker on the trochleae or the posterior 
region of the condyles. Three plugs were harvested with a length of ~15 mm (to be 
unbottomed) and three plugs of ~18 mm length (to be bottomed). After harvesting all 
six donor plugs, Tekscan sensors were placed inside the tibio-femoral joint space. After 
positioning the knee in approximately 45°flexion, the sensors were guided alongside the 
cruciate ligaments (one on each side), and placed between each femoral condyle and tibial 
plateau. Subsequently, a small circular plastic cap (diameter 10 mm, height 1 mm) was pinned 
on both condyles, at the location where the mosaicplasty was to be performed (Figure 2). 
The compression of both markers on the sensors was clearly visible on the computer screen 
and assisted in positioning the sensors centrally over the area where the mosaicplasty would 
be executed. To facilitate repositioning of the sensors between dif ferent interventions, the 
sensors were fixated to the joint by four small metal ‘anchors’ on all four corners of the 
sensor that could be used to re-attach the sensors to the joint (Figure 2). In order to confirm 
validity of this method a test was performed where the sensor was repeatedly fixated and 
completely removed from the knee and the plastic marker was visualized. Reproducibility of 
the re-attachement of the sensor was confirmed by five independent measurements of the 
position of a circular cap, each after removing a re-attachment of the Tekscan sensor. Four 
out of five measurements showed exactly the same position of the cap within the Tekscan 
matrix, which proves a high accuracy of re-attachment.
To investigate the consequences of a cartilage defect and subsequent mosaicplasty on 
the stress distribution under various conditions, Tekscan recordings were performed under 
five dif ferent conditions: (A) preoperatively, intact condition, (B) cartilage defect without 
any reconstruction, (C) following mosaicplasty, (D) after mosaicplasty and subsequent 
non-weight bearing motion of the knee and (E) after mosaicplasty with weight bearing 
motion (E). All surface measurements were performed with the knee in 0°extension, thereby 
ensuring loading of the (restored) defective sites, and an axial load of 350 N.
The ‘preoperative’ measurement (A) was with intact condyles. After removing the sensors, 
both on the medial and lateral condyle a standardized subchondral defect, 8 mm deep was 
created by a circular drill of 16 mm diameter, the center being at exactly the same location 
as the center of the plastic marker that was measured previously.
The ‘defect’ measurement (B) of the condyle surfaces was performed after creating the 
osteochondral defect. With the use of a special mould (Figure 2) and the OATS, these defects 
were prepared to receive three osteochondral plugs. When the mosaicplasty was to be 
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Results
The averaged contact-pressures at the border contact surface are shown in Figure 4. Overall, 
there were no significant dif ferences between bottomed and unbottomed. All the data 
showed the same pattern for the three groups: in presence of a defect (B) the border contact 
surface pressure was significantly higher compared to the intact (preoperative) situation 
(A), performing a mosaicplasty made the border pressure decline to approach preoperative 
values (C), and after motion with and without weight the border contact pressure remained 
stable (C–E).
The pressure pattern of the mosaic contact surface was inverse to the border contact surface 
pressure (Figure 5): the mosaicplasty area had almost no contact pressure after creating a 
selected around the first region and had a width of 3 pixels (3.81 mm). To ensure that the two 
regions were clearly separated a transition zone with a width of 1 pixel was selected and was 
not included in the measurements (Figure 3). The total of the pixel values in regions 1 and 2, 
respectively, were used for further comparative evaluations. To allow for a direct comparison 
of the pressure values, the pressures on the border and mosaic areas were normalized to the 
total force on the sensor.
Statistics
Contact pressures were calculated at the boundaries of the cartilage defect (region 2) as well 
as for the defect/mosaicplasty (region 1) itself. This was done for five dif ferent conditions as 
described before (A–E). These values were expressed for three groups, namely bottomed, 
unbottomed and combined.
Differences were examined within and among the groups. For statistical analysis, we used 
SPSS 12.0 for Windows. The linear mixed model was used to evaluate the influence of 
bottoming or unbottoming the plugs, with Bonferroni correction. P < 0.05 were considered 
to be statistically significant.
Figure 3
A. Typical example of Tekscan report on load distribution for a cartilage defect without any reconstruction.
B. The mosaicplasty area (region 1) is a circle consisted of square pixels with a diameter of 12 pixels. The 
border area (region 2) is a ring with a diameter of 3 pixels around the defect circle. A transition zone of 
1 pixel around the mosaicplasty area is found between regions 1 and 2
A B
Figure 4
Graph showing the border contact 
pressure for three groups; bottomed 
(blue line), unbottomed (green line) and 
the whole group (grey line). In presence 
of a defect (B) the border contact 
surface pressure was significantly higher 
compared to the intact (preoperative) 
situation (A), performing a mosaicplasty 
made the border pressure decline to 
approach preoperative values (C), and 
after motion with and without weight 
the border contact pressure remained 
stable (C–E). Standardized deviation 
values are presented in Table 1.
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Figure 5
Graph showing the mosaicplasty 
contact pressure for three groups; 
bottomed (blue line), unbottomed 
(green line) and the whole group (grey 
line). The mosaicplasty area had almost 
complete lack of contact pressure after 
creating a defect (B), in presence of the
mosaicplasty the contact surface 
pressure was regained (C vs. A) and the 
contact pressure remained stable after 
non-weight bearing and weight bearing 
motion (C–E). Standardized deviation 
values are presented in Table 1.
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(C–D–E): The border contact pressure did not return to preoperative values after performing 
a mosaicplasty, and did not change after f lexion and extension motions. The border contact 
pressure after non-weight bearing motion’ and ‘weight bearing motion’ remained equal to 
the mosaicplasty measurement, 138 and 139% (P = 0.001 and 0.000, respectively) compared 
to intact, preoperative cartilage. For these measurements the mosaic contact pressures 
remained lower than those of intact cartilage, with pressures 64 and 62%, respectively 
(respectively P = 0.001 and 0.001).
Discussion
In this biomechanical human cadaver study we clearly demonstrated that an osteochondral 
cartilage defect severely affects the contact pressure on the remaining intact joint surface. 
Obviously, there are some additional limitations to our study. The study had only a limited 
number of knees. During testing osteoarthritic changes in bone were found in some of 
these elderly knees. Clearly this is dif ferent to the bone quality of the typical patient who 
is relatively young and active. Another limitation was that during the preparations the knee 
was positioned in such a way that both condyles would be loaded with approximately the 
same force, which may be dif ferent from in vivo loads. This might have had an influence 
on the absence of medial/lateral dif ferences. Contrary to other experiments we kept all 
collateral ligaments and intra-articular structures intact, which resembles the anatomical 
situation more closely and thus gives a greater translational value of pressure transfer. Clearly, 
no biological effects were taken into account such as the resorption of the plugs (thereby 
reducing the stability) or bony ingrowth (thereby enhancing stability). We also measured the 
contact patterns under static conditions with the knee in extension, whereas in reality shear 
forces at dif ferent flexion angles are also applied to the reconstruction. These limitations 
should be taken into account when interpreting the results.
The results showed that the average border contact pressure almost doubled (increase 
of 92%) compared to the pressure on an intact congruent joint surface. In the literature, 
increases in peak pressure between 10 and 30% were found in the presence of a defect 
with a diameter ranging from 1 to 7 mm 4,17. Guettler et al. 13 claimed to have found no 
dif ference in rim contact pressure for defects below 10 mm diameter, but they found a 64% 
increase with respect to the healthy situation for all defects above 10 mm. These findings 
are supported with a recent finite element model, in which it was found that large defects 
(greater than 0.78 cm2) resulted in significantly increased border contact surface pressures, 
defect (B), in the presence of the mosaicplasty the contact surface pressure was regained 
to some extent (C vs. A) and the contact pressure remained relatively constant after non-
weight bearing and weight bearing motions (C–E).
Two out of eight unbottomed versus zero bottomed mosaicplasties showed a decreased 
mosaicplasty pressure and increased rim stress after weight bearing motion on individual 
Tekscan measurements, indicating that the mosaicplasty subsided below flush level. Five out 
of eight bottomed plugs were placed on the medial condyle and no significant dif ferences 
in pressure or rim stress was found.
Statistics
Mean pressure values measured are given in Table 1. Effect of defect (A–B): Pressure 
redistribution occurred in the presence of a defect from the mosaic contact surface to 
the cartilage surrounding it. The border contact pressure increased to 192% (P = 0.000) 
compared to the preoperative border contact surface pressure, while the pressure on the 
defect contact surface decreased to 11% (P = 0.000). Effect of mosaicplasty (B–C): The mean 
stress elevation around the defect was partially restored in the presence of a mosaicplasty, 
as the border contact pressure decreased by 30% compared to the defect measurement. 
This resulted in a border contact pressure of 135% compared to intact cartilage. The mosaic 
contact pressure was restored from 11 to 67% (P = 0.000). Effect of f lexion-extension motion 
Table 1
Measurement Whole group 
(n=16)
P-value Bottomed 
(n=8)
Unbottomed 
(n=8)
Border
A. Preoperative 38.7 (7.1)a 40.2 (8.3) 37.1 (6.0)
B. Defect 74.3 (5.5) 75.5 (3.9) 73.2 (6.8)(B vs. A–C–D–E) 0.000
C. Mosaicplasty 52.1 (9.3) (A vs. C) 0.001 54.6 (7.5) 49.7 (10.7)
D. Motion without weight 53.2 (9.8) (A vs. D) 0.001 53.9 (8.4) 52.4 (11.6)
E. Motion with weight 53.8 (9.6) (A vs. E) 0.000 55.1 (9.0) 52.5 (10.6)
Mosaic
A. Preoperative 35.7 (7.8) 33.6 (9.3) 37.9 (5.6)
B. Defect 4.0 (4.0) (B vs. A–C–D–E) 0.000 3.7 (3.8) 4.3 (4.4)
C. Mosaicplasty 23.8 (8.2) (A vs. C) 0.002 21.4 (7.4) 26.2 (8.9)
D. Motion without weight 22.8 (8.7) (A vs. D) 0.001 22.1 (8.1) 23.5 (9.7)
E. Motion with weight 22.0 (9.1) (A vs. E) 0.001 21.0 (8.4) 23.0 (10.1)
a Values are given as mean (SD), only significant P-values are shown
Results of the surface contact pressure measurements of five conditions
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al. 5, who reported that unbottomed multiple plug mosaicplasties that were placed flush, 
continued to stay flush after 3 months of weight bearing motion in sheep. However, human 
bone is much softer and therefore it may be more dif ficult to obtain a stable reconstruction 
with unbottomed plugs. In our previous study with human femora we measured the force 
required to push a single plug below flush level. For an unbottomed plug of 16 mm, 151 N 
had to be applied in comparison with 294 N for the bottomed plug 7. For the comparison 
with the multiple plug mosaicplasty, Kordas et al. 8 reported that application of a mean force 
of 54 N was enough to push an unbottomed multiple plug mosaicplasty 3 mm below flush 
level; unfortunately, there was not a bottomed comparison in that study. The applied force of 
350 N during the weight bearing motion in our study may have been too low, to destabilize 
the reconstruction. This load, which is relatively low, was chosen, as it would simulate partial 
weight-bearing motion during the direct postoperative rehabilitation period and not level 
walking. The latter is, according to our protocol, permitted after 2 – 4 weeks, which should 
allow for in-growth of the plugs 5,9.
Clinical relevance
A cartilage defect results in increased stress levels at the articular cartilage boundaries 
of the defect. A multiple-plug mosaicplasty has a positive effect in reducing these stress 
elevations, which will reduce the potential of cartilage degeneration, and thus may 
postpone secondary osteoarthritis. Post-operative non-weight bearing and weight bearing 
motions did not seem to influence the surface congruency of the mosaicplasty, although 
the unbottomed mosaicplasties showed a trend of subsidence below flush level after 
weight bearing motion. It appears feasible to allow limited weight bearing of the knee after 
osteochondral transplantation, especially when plugs have been bottomed.
which may have clinical implications 18.
The relation between increased contact stresses on the joint surface and progressive 
degenerative changes of the cartilage is well recognized. Lefkoe et al. found a significant 
decrease in proteoglycan content in the cartilage sampled from the rim of 20-week-old 
defects 19. Jackson et al. 20 introduced a ‘zone of influence’, as he found cartilage adjacent 
to the defect being affected, which may lead to early secondary gonarthrosis. Messner 
and Maletius 3 reported in a follow-up study radiographic joint space reduction in almost 
50% of the patients with severe cartilage damage 14 years earlier. Linden et al. 2 found in a 
follow-up study of 33 years that 80% of the adults with osteochondritis dissecans developed 
secondary gonarthrosis. The gonarthrosis seemed to have its onset 10 years earlier (mean 
age 49 instead of 59 years) in life than primary gonarthrosis. Clearly, the increased potential 
of degenerative changes in the knee following an articular cartilage defect is of great clinical 
importance. Especially because this type of cartilage defect frequently occurs in the younger 
aged population.
In our study we were able to reduce the contact pressure at the boundaries of a large articular 
cartilage defect by 30% with an osteochondral transplantation. In a study by Raimondi et 
al. 21 a 16% reduction in peak pressure was found in the presence of a fibrin glue graft. 
One could question as to what extent this reduction lasts since fibrin glue degrades quite 
rapidly. Koh et al. 4 reported peak contact pressure reduced to normal when plugs were 
flush. However, they used only one plug, which does not correspond to clinical practice. It 
may be more dif ficult to obtain a smooth cartilage surface when using more plugs, which 
explains why we did not find a complete normalization of the contact stresses.
Another objective of this study was to investigate the stability of a mosaicplasty during 
motion (with or without weight). For the whole group (unbottomed and bottomed 
together), neither motion protocols significantly changed surface congruency; it remained 
equal to the mosaicplasty directly after surgery. This can be concluded from the fact that 
the pressure patterns did not change after weight bearing or non-weight bearing motion, 
as the pressure pattern and rim stress remained equal. When comparing the bottomed and 
unbottomed groups, two unbottomed mosaicplasties showed a pressure pattern according 
to subsidence below flush level after weight bearing motion. Since the main focus of this 
study was to measure peak stresses on the articular surface, we did not assess the actual 
amount of subsidence. Although no significant dif ferences in contact stresses could be 
detected between bottomed and unbottomed plugs by comparing the total groups; one can 
at least have some concern about potential subsidence of unbottomed plugs. Nevertheless, 
most unbottomed plugs remained stable, which is in agreement with a study of Pearce et 
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Abstract
Objective 
The aim of this study was to evaluate subsidence tendency, surface congruency, chondrocyte 
survival and plug incorporation after osteochondral transplantation in an animal model. The 
potential benefit of precise seating of the transplanted osteochondral plug on the recipient 
subchondral host bone (‘bottoming’) on these parameters was assessed in particular.  
Material and methods
In 18 goats two osteochondral autografts were harvested from the trochlea of the ipsilateral 
knee joint and inserted press-fit in a standardized articular cartilage defect in the medial 
femoral condyle. In half of the goats the transplanted plugs were matched exactly to the 
depth of the recipient hole (bottomed plugs; n=9), whereas in the other half of the goats a 
gap of 2 mm was left between the plugs and the recipient bottom (unbottomed plugs; n=9). 
After 6 weeks all transplants were evaluated on gross morphology, subsidence, histology 
and chondrocyte vitality.
Results 
The macroscopic morphology scored significantly higher for surface congruency in bottomed 
plugs as compared to unbottomed reconstructions (p = 0.04). However, no dif ferences in 
histological subsidence scoring between bottomed and unbottomed plugs were found. 
The transplanted articular cartilage of both bottomed and unbottomed plugs was vital. 
Only at the edges some matrix destaining, chondrocyte death and cluster formation was 
observed. At the subchondral bone level active remodeling occurred, whereas integration 
at the cartilaginous surface of the osteochondral plugs failed to occur. Subchondral cysts 
were found in both groups.
Conclusions 
In this animal model subsidence tendency was significantly lower after ‘bottomed’ versus 
‘unbottomed’ osteochondral transplants on gross appearance, whereas for histological 
scoring no significant dif ferences were encountered. Since the clinical outcome may be 
negatively influenced by subsidence the use of ‘bottomed’ grafts is recommended for 
osteochondral transplantation in patients.
Introduction
Cartilage repair is a major topic in orthopaedic surgery. Even relatively small cartilage 
lesions frequently induce pain and disability for the patient. Without repair, small lesions 
may even progress to larger, more generalized arthritic lesions 1. Commonly advocated 
repair techniques for these smaller lesions are microfracture, autologous chondrocyte 
implantation (ACI), and autologous osteochondral transplantation (AOT) 2,3. Compared to 
ACI, the advantage of AOT is that it is a one-stage procedure and mature hyaline cartilage is 
present in the defect site directly after transplantation.
In literature both very positive reports 4-8 and concerns 9,10 have been presented for AOT in 
the knee. Concerns are related to donor site morbidity 11-13, to survival of the transplanted 
cartilage 14-16, and to the reported negative outcome in some patient series 10,17. Particularly 
mal-indications, treatment of too large defects, the use of too large plugs or co-morbidity 
within the knee could all negatively influence the clinical outcome of AOT 9,10.
Adequate positioning, together with intrinsic stability of the transplanted plugs are likely 
to be important prerequisites to reach clinical success. Both are important for adequate 
osseous integration of the transplanted plug in the subchondral bone and for survival of the 
hyaline cartilage 18,19. In addition osteochondral transplants should be placed flush with the 
joint surface, since leaving the plugs proud generates stresses at the edges leading to early 
damage to the graft 19-21. Subsidence of plugs, on the other hand, leads to stresses at the rim 
of the host cartilage 22-24, with similar damage there.
Earlier biomechanical studies on an AOT cadaver model, using the OATS® system, reported on 
relatively high forces needed to displace ‘bottomed’ plugs beyond flush level as compared 
to plugs placed with a gap between the cylinder graft and the bottom of the recipient 
subchondral bone defect (‘unbottomed’ plugs). From this biomechanical study well seated 
(‘bottomed’) osteochondral plugs thus seemed less susceptible for subsidence 24,25.
The aim of this goat study was to compare bottomed versus unbottomed osteochondral 
transplants in-vivo. It was hypothesized that bottomed plugs would indeed be superior in 
maintaining their f lush level and by that would lead to a better gross morphology of the 
reconstruction and to a better survival of hyaline cartilage of both donor and host cartilage 
at a follow-up period of 6 weeks.
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Materials and methods
Eighteen female goats were operated on the right knee joint under general anaesthesia. 
Prior to surgery each goat had been randomly assigned to receive two bottomed or 
unbottomed plugs. Centrally, in the weight bearing area of the medial femoral condyle a 
standardized oval defect (length 12 mm, width 6 mm) of 3 mm depth was created in an 
AP orientation with the use of a customized drill guide, a circular drill of 6 mm diameter 
and a small sharp osteotome (recipient site) (Figure 1A). In accordance to clinical practice, a 
cylindrical osteochondral transplantation was performed to restore the articular defect using 
a 6 mm diameter osteochondral autograft transfer system (OATS®; Arthrex, St. Anthonis, the 
Netherlands).
Two donor osteochondral plugs were harvested from the lateral trochlea of the goat knee, 
which is in accordance to the situation in patients 26. Care was taken to harvest plugs as 
much perpendicular to the articular surface as possible without penetrating the lateral wall 
of the trochlear groove. The harvested donor plugs were adjusted to an exact length of 8 
mm, measured with a precision slide calliper, by removal of some deep trabecular bone by 
a surgical bone nibbling plier.
The recipient site was restored using the two available donor plugs from the trochlea. 
Depending on the assigned treatment, a recipient hole with an 8 or 10 mm depth was created 
in the femoral condyle defect for a bottomed or unbottomed situation, respectively. The 
precise depth was verified with a vernier calliper. The bottom of the recipient hole was softly 
tampered, with the provided steel rod, to flatten it in order to ensure an exact matching 
depth and direct contact of the transplanted plug on the bottom of the recipient hole in 
case of a bottomed transplantation. Subsequently, the available donor osteochondral plug 
was gently tampered into place until f lush level with the adjacent articular cartilage was 
obtained. After the first plug was in place, the entire procedure was repeated for the second 
transplant (Figure 1B). As a result in the bottomed situation plugs were seated exactly on the 
flattened bottom and in the unbottomed situation the plugs were floating 2 mm above the 
flattened bottom.
The trochlear donor sites defects were either left empty in six goats or were filled with 
impacted remainders of the available subchondral bone derived from preparing the 
recipient holes, leaving small, but shallow defects (12 goats). In six of these 12 goats the 
remaining shallow defects were completely filled up to a f lush level with a commercially 
available haemostatic collagen type I sponge (Spongostan™; Ferrosan A/S, Soeborg, 
Denmark). It was hypothesized that partly restoring the donor defect with the available 
impacted subchondral bone would lead to a better healing of these defects as compared to 
empty defects. In addition, filling the remaining defect with a collagen type I sponge would 
then possibly further enhance the healing process of the donor defect.
Directly after surgery the goats were placed in a hammock for 7 days. The first three 
days the goats received standard injections of f lunixine (1 mg/kg) (Finadyne®; Schering-
Plough Animal Health, Oss, the Netherlands) and buprenorphine (0.018 ml/kg)(Temgesic®; 
MSD Animal Health, Oss, the Netherlands) as analgesic. Antibiotic prophylaxis consisted of 
ampicilline subcutaneously administered for 5 days postoperatively (7.5 ml/day)(Albupen®; 
Intervet, Boxmeer, The Netherlands). After 7 days the goats were transported in the hammock 
to an outdoor farm where they were allowed to move freely and unrestricted. 
All goats received one injection of three dif ferent fluorochromes. After two weeks 
tetracycline (25 mg/kg), after 4 weeks calcein green (25 mg/kg) and finally after 6 weeks, 2 
days before sacrificing, alizarin red (30 mg/kg). After 6 weeks the goats were sacrificed with 
an overdose of pentobarbital (Nembutal®, CEVA Santé Animale, Maassluis, the Netherlands) 
and the knee joint was completely dissected from femur en tibia. All investigations were 
conducted in conformity with ethical principles of research and all protocols were approved 
by the institutional Animal Ethics Committee (RU-DEC2007-106).
Figure 1
A. Standardized 3 mm deep oval defect on the medial femoral condyle (length 12 mm, width 6 mm). 
B. Final result of a two plug osteochondral transplantation on the medial femoral condyle.
A B
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Macroscopic scoring
Directly after harvesting the knee joint was opened and photographs were taken of the 
recipient and donor sites. The photographs of the reconstructions were evaluated by 
3 blinded observers (NK, GH, PB) and scored for gross morphological appearance of the 
surface congruency of individual plugs (Table 1). Subsidence, protrusion, tilting, sclerosis 
and fibrous overgrowth were considered to be negative signs. The separate scores of each 
of both transplanted plugs were added, resulting in a maximum score of 4 per goat.
Microscopic preparation
The operated condyle was dissected with a diamond coated and water cooled sawing blade 
(blade thickness 300 µm) exactly in two halves in the AP direction through the centre of the 
two plugs and photographs were taken again. Thereafter, two slices were made from each 
section plane of both halves of the defect and processed for histology.
The two slices were used for vitality testing with Cell Tracker Green CMFDA 
(5-chloromethylfluorescein diacetate; Molecular Probes, Invitrogen Ltd, UK) and propidium 
iodide (Molecular Probes, Invitrogen Ltd., UK). Directly following coloring, the specimens 
were photographed through a fluorescence photomicroscope (Zeiss Axioplan 2; Carl Zeiss 
BV, Sliedrecht, the Netherlands) and frozen afterwards. In a later stage they were defrosted 
and vital cells were colored by NADH-diaphorase (Sigma-Aldrich Chemie BV, Zwijndrecht, 
the Netherlands) with nitroblue-tetrazolium (NBT; Sigma-Aldrich Chemie BV, Zwijndrecht, 
the Netherlands). After taking photographs, these slices were further processed for routine 
histology as described below.
All specimens were fixated in a 4% buffered formalin solution (pH 7.4) for at least one day. 
The specimens were embedded in polymethylmethacrylate and sectioned (7 µm thick 
sections) with a microtome (Leica RM 2155, Leica Microsystems Nederland BV, Rijswijk, the 
Netherlands), and stained for Hematoxylin and Eosin, Alcian Blue and Safranin O. Serial 
sections of the trochlear donor defect were prepared in the transverse direction.
Histological scoring
The reconstructions were graded for graft level with surrounding cartilage, graft-cartilage 
thickness, cartilage integration, degenerative changes at cartilage edges, changes in tidemarks 
at cartilage edges, integration of adjacent subchondral bone, and subchondral cavity 
formation (Table 2). This scoring system was adapted from similar scales for osteochondral 
cartilage repair published by other researchers 27,28. The same 3 blinded observers (NK, GH, 
PB) scored two specimens from the centre of the repaired defect independent from each 
other. In each reconstruction, 3 locations were evaluated, the anterior host-plug contact 
area (A), the central plug-plug contact area (B), and the posterior plug-host contact area (C). 
The scores for each location were summed to obtain a total score for each reconstruction.
Statistics
Datasets from gross morphological scoring and histological grading were evaluated non-
parametrically, as normal distribution could not be assumed for all parameters. Unpaired 
comparisons between bottomed and unbottomed plugs were made using the Mann 
Whitney U test (Wilcoxon rank sum test). A p-value < 0.05 was regarded as statistically 
significant.
Results
Macroscopic scoring
The gross morphological scoring showed a significantly higher score for surface congruency 
in bottomed plugs as compared to unbottomed reconstructions (p = 0.04)(Table 3).
Microscopic scoring
No differences between local and total histological grading scores for bottomed and 
unbottomed plugs were found (Table 4). 
Histology of the plugs
Both the NADH-diaphorase staining and the life dead assay showed a similar distribution 
of vital and necrotic cells (Figure 2, page 65). Most chondrocytes of the host cartilage and 
Table 1
Characteristics Score
Clinical acceptable or f lush – virtually no negative signs 2
Clinical suboptimal – minor negative signs 1
Clinical failure – obvious negative signs 0
Subsidence, protrusion, tilting, sclerosis and fibrous overgrowth were considered as negative signs.
  Macroscopic scoring system
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transplanted plugs were vital (Figure 2ABC). Necrotic chondrocytes were present in equal 
low numbers in both host and plug articular cartilage. Only at the edges towards the 
interface between plugs there was a thin acellular zone of cartilage (Figure 2AD). Bordering 
this acellular layer clustered chondrocytes were present in almost all plugs and bordering 
host cartilage (Figure 2B). Generally plugs were in close contact with each other (Figure 
2ABD). Occasionally, larger gaps were also present (Figure 2C and 3B, page 66). The cartilage 
interface between plugs was in most cases very thin and plugs seemed to be press-fit (Figure 
3A). No integration of cartilage in between plugs or between plugs and host cartilage was 
found.
Integrity of the tidemark
The tidemarks were generally intact (Figure 4A, page 67). Particularly, if the subchondral 
bone was revascularized, small capillaries of the newly formed fibrous subchondral tissue 
were penetrating the tidemark, and by that, the integrity of the tidemark was reduced (Figure 
4B). Integration of neighboring tidemarks between neighboring plugs was never observed.
Subchondral bone remodelling
The central part of the subchondral bone of the transplanted plugs was still mainly avascular 
Table 2
Characteristics Score
Graft level with surrounding cartilage
Level 4
< 50% of graft cartilage thickness - Below 3
< 50% of graft cartilage thickness - Raised 2
> 50% of graft cartilage thickness - Below 1
> 50% of graft cartilage thickness - Raised 0
Graft cartilage thickness
75-100% of adjacent cartilage 2
50-75% 1
< 50% 0
Cartilage integration
Bonding through cartilage like tissue 3
Fissure fully filled with fibrous tissue 2
Fissure partially filled with fibrous tissue 1
Empty fissure 0
Degenerative changes at cartilage edges
Normal cellularity, no clusters, normal staining 3
Mild hypocellularity, some clusters, moderate staining 2
Moderate hypocellularity, slight staining 1
Severe hypocellularity, poor or no staining 0
Changes in tidemarks at cartilage edges
Both normal 2
One damaged or abnormal 1
Both damaged or abnormal 0
Integration of adjacent subchondral bone
Fully osseous integration 4
Fully integrated with partial fibrous tissue 3
Fully integrated only fibrous tissue 2
Partially integrated 1
No integration 0
Subchondral cavity formation
No cavities 3
Small cavities 1
Large cavity 0
Total maximum score per location 21
In each reconstruction, 3 locations were evaluated, the anterior host-plug contact area (A), the central plug-plug 
contact area (B), and the posterior plug-host contact area (C). The scores for each location were summed to obtain a 
total score for each reconstruction.
  Histological scoring system Table 3
Bottomed (n = 9) Unbottomed (n = 9) P-value
Anterior plug 1.5 ± 0.4 0.8 ± 0.7 0,03
Posterior plug 1.2 ± 0.7 0.7 ± 0.8 0,2
Total 1.3 ± 0.4 0.8 ± 0.6 0,04
Values are mean ± SD
 Macroscopic scores
Table 4
Bottomed (n = 9) Unbottomed (n = 9) P-value
A 11.1 ± 3.6 12.3 ± 3.0 0,3
B 8.8 ± 3.0 9.7 ± 3.3 0,5
C 12.3 ± 2.5 11.3 ± 3.7 0,4
Total 32.0 ± 6.0 32.1 ± 8.5 1,0
Values are mean ± SD. (A) anterior host-plug contact area , (B) the central plug-plug contact area , and (C) the posterior 
plug-host contact area.
  Microscopic scores
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and necrotic with empty osteocyte lacunae and necrotic medullary tissue. From the deeper 
parts of the defect and from the interfaces with the host bone, a process of creeping 
substitution of the necrotic bone was present. This process was characterized by abundant 
osteoclastic resorption sites of the transplanted bone (Figure 3C), new bone formation on 
the remnants of the bone of the plugs and bone remodelling. Most of the new bone was 
directly formed as woven bone (Figure 3D), however irrespective of the treatment group, in 
various locations in the subchondral areas small areas of enchondral bone formation were 
present.
Donor site
Irrespective to the treatment modality, all donor sites showed rather similar histological 
appearances. In the defects mainly fibrous tissue or fat marrow was present (Figure 5A). Only 
at the edges of the defects in some cases some focal areas of chondrogenic tissue were 
present. The surface of the newly formed tissue was either slightly depressed under the 
original contour of the defect or in a few cases it was elevated above the original contour 
(Figure 5B), without clear correlation with the filling material in the defect. In only two defects 
that were filled with the haemostatic collagen type I sponge, centrally a few remnants of 
the original graft material could be found (Figure 5C). In these cases it was surrounded by 
some mononuclear lymphocytic cells but without a clear immunological reaction. In all 
defects that were filled with bone graft this was completely resorbed without clear new 
bone formation. The edges of the donor site showed in all cases some form of depletion of 
the matrix, decreased chondrocyte vitality and clustering of chondrocytes (Figure 5D). 
Discussion
The most important finding of the present study was that chondrocyte vitality was maintained 
after osteochondral transplantation. On gross appearance bottomed plugs seemed to reveal 
lesser subsidence tendency than unbottomed plugs, however, on histological evaluation no 
significant dif ferences could be detected between groups. In addition the repair tendency 
of the donor defects was not improved by the two dif ferent filling techniques evaluated in 
this animal model.
Gross morphological scoring showed that the bottomed plugs performed superior in 
maintaining flush level with the surrounding subchondral bone. The fact that on histological 
scoring bottomed and unbottomed plugs failed to reveal a significant dif ference may 
be induced by the scoring method itself. The histological scoring was performed in the 
mid-sagittal plane only, whereas for macroscopic evaluation the entire contour of the 
transplantation was judged and not just the appearance of the mid-sagittal plane (see 
also Figure 6 on page 68 for further explanation). Irrespective the fact that histological 
scoring was performed on the midsagittal plane only, it has to be recognized that no 
major dif ferences were encountered between bottomed and unbottomed plugs. Clearly 
Figure 2
Histology of sections (ABC) stained with NADH-diaphorase with NBT (nitrobluetetrazolium) for vitality 
and section (D) with Cell Tracker Green, which staines living cells. (AB) bottomed reconstructions; (CD) 
unbottomed reconstructions. Original magnification (ACD) x100; (B) x50. In (B) the lower square box is a 
magnification of the upper square box.
Notice dif ference in thickness between host (H) and plug (P) cartilage.
A B
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the extent of subsidence was relatively low in this animal model, which may be related to 
the compact subchondral bone structure of goats. Irrespective the absence of a significant 
dif ference between the two groups, the evaluated dif ferent aspects of the histological score 
are still important parameters for the long-term success of the AOT technique. The most 
important long-term success aspect of the AOT technique above the ACI techniques or 
microfracture is the instantaneous restoration of the defect site with mature healthy hyaline 
cartilage, which was indeed confirmed in our study by an excellent chondrocyte vitality 
after transplantation.
Figure 4
Routine histology staining with Haematoxiline and Eosin, demonstating subchondral bone of (A) host 
and of (B) non-bottomed plug. CC is calcified cartilage. BV is a blood vessel penetrating to the tidemark. 
Original magnification x100.
A B
CC BV
Figure 5
Haematoxiline and eosin stained sections showing representative micrographs of donor site. 
A. Empty defect filled with fibrous tissue (FT) and fat marrow (FM). (TB) is trabecular bone. 
B/C. Defects filled with bone graft and the collagen type I sponge. 
C. Remnants of the collagen type I sponge (arrows). 
D. Edge of host cartilage (HC) with clustered chondrocytes (arrows). 
Original magnification (AB) x12.5; (CD) x100.
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Figure 3
Routine histology staining of thin sections with (AB) Safranin O and (CD) Haematoxiline and Eosin. 
(AC) bottomed plugs; (BD) unbottomed plugs. Original magnification (AB) x50; (CD) x200.
A. Notice cartilage like tissue formation in the gap between the two inserted plugs (P). 
B. A larger non-filled gap is present between host (H) and plug (P) cartilage. 
C. Resorptive phase (arrows point at osteoclasts) in subchondral bone remodeling. 
D. New bone formation in subchondral bone of transplanted plug. 
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Chondrocyte survival also appears to be dependent on the harvesting procedure of the 
osteochondral graft 15, where sharper cutting devices reduce the thickness of the layer 
of dead chondrocytes 29. Moreover harvesting by hand is superior above power trephine 
harvesting 14. In this study only small margins of the plugs were a-cellular, indicating that 
indeed also limited chondrocyte death took place during the harvest. Besides the harvesting 
procedure, tampering the plugs into the bone might also induce chondrocyte death at the 
surface of the plugs. The fact that in both groups the surface layer was populated with 
vital cells indicated that the tempering probably did not induce a necrosis of the superficial 
chondrocytes. This indicates that the clinically used forces to insert plugs are most likely 
within the margin to induce cartilage damage, especially since goat cartilage is thinner and 
thereby more prone to damage and higher tempering force is needed in the more compact 
goat bone, compared to human bone.
The potential for donor site morbidity is still a major drawback of the AOT technique and 
is held responsible for inferior results in some studies. For that reason we evaluated some 
simple attempts to enhance the healing potential of these defects. However, filling the donor 
site defects with impacted cancellous bone, with or without a collagen type I layer, did not 
induce any new subchondral bone restoration as compared to empty defects. Although in 
the deeper parts of the defects some new bone was formed, there was no relation with the 
graft material. 
This animal model on osteochondral transplantation has some clear limitations. Goats 
and sheep are widely used large preclinical relevant models for human articular cartilage 
diseases. However, the results and recommendations from this study for patients should 
be carefully interpreted within the limitations of the model. Bone of healthy animals is of 
good quality and because of high loads more compact than in humans, which may have 
resulted in a more tightly press-fit placement of the plugs and thus a relative resistance to 
subsidence tendency. This phenomenon may have played a role in the encountered absence 
of a significant dif ference between ‘bottomed’ and ‘unbottomed’ groups on histological 
scoring.
Furthermore it has to be recognized that in this study an osteochondral transplantation 
using the OATS® system was evaluated, which system on theoretical grounds may offer less 
intrinsic stability to the transplanted plugs than the alternatively available Mosaicplasty™ 
system. In contrast to the OATS® system, in the Mosaicplasty™ system, primary stability of 
the transplants is not only dependent on the standard shear forces between plug and host 
bone, but also on the conically shaped bottom part of the defect created by means of a 
dilator. The recommendation to bottom osteochondral plugs may thus mainly apply to the 
currently evaluated OATS® system.
Conclusions
Autologous osteochondral transplantation can indeed restore a joint defect with vital hyaline 
articular cartilage. Subsidence of the transplanted plugs may be detrimental for the eventual 
clinical outcome and should be avoided. In this animal model, using the OATS® system, 
macroscopic scoring revealed less subsidence tendency when the transplanted plugs were 
bottomed. In spite of the fact that the encountered benefit of bottoming was only limited in 
this animal model, bottoming is still recommended for clinical practice, especially when the 
OATS® system is used. Larger comparative clinical trials will be necessary to truly elucidate 
the potential clinical benefit of bottoming. 
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Figure 6
Schematics for illustrating the possible discrepancy 
in judging the (f lush) level of a whole graft through 
mid-sagittal sections of the specimen. A. Represents 
a coronal view on the condyle. The dotted lines 
indicate the outer boundaries of the two thick 
sections, which were made. Notice the less than 
optimal perpendicularity of the plug’s cartilage 
surface in respect to its subchondral bone in this 
schematic representation. B. Represents the sagittal 
view of the theoretical sections made at the dotted 
lines in scheme A. (1) Notice the subsidence below 
flush level of the posterior (right) plug. (2) Notice the 
f lush level of the posterior (right) plug. (3) Notice the 
protrusion above f lush level of the posterior (right) 
plug.
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Introduction
A 43-year-old man presented with persistent pain on the medial side of his left knee, 1 year 
after a bone-patellar tendon-bone autograft ACL reconstruction. Besides a dysfunctional 
ACL, earlier arthroscopy had already revealed a focal full-thickness chondral lesion (25 × 12 
mm) of the medial femoral condyle (Figure 1A) and mild degenerative changes in the lateral 
compartment of the knee. The patient was offered a mosaicplasty of the medial femoral 
condyle.
After a medial arthrotomy of the knee, 3 cylindrical osteochondral plugs (8 mm diameter) 
were harvested from the lateral throchlea (donor site) and transplanted to the chondral defect 
in the medial femoral defect (recipient site), using the mosaicplasty technique 1-4. The donor 
site defects were each filled with a press-fitted cylindrical osteo-periosteal plug obtained 
from the proximal tibia. It was hypothesized that these plugs would enhance healing of 
the subchondral bone and that the covering periosteum would enhance resurfacing of the 
donor site defects with fibrocartilagenous tissue.
Initially, the patient’s symptoms clearly improved and a postoperative MRI showed restoration 
of the joint surface at the original chondral lesion in the medial condyle 3 months after 
surgery (Figure 1B). The 3 transplanted osteochondral plugs were still clearly visible in the 
subchondral bone, with signs of osseous integration. One plug appeared to have been 
placed rather too deeply, as seen from the step-off in the subchondral bone (Figure 1B, 2A). 
At the lateral aspect of the trochlea, the 3 donor site defects were also still clearly visible 
(Figure 1C). The osteo-periosteal plugs from the proximal tibia appeared to have remained 
in situ and some resurfacing of the defects had occurred.
After 3 years the knee became symptomatic again, with pain and swelling. Radiographic 
evaluation revealed mild degenerative changes (Figure 1D). Conservative treatment was not 
accepted and a total knee arthroplasty was performed. This procedure eventually provided 
good-quality retrieval specimens for histological evaluation of a mosaicplasty.
Histological evaluation
Retrieval specimens from the resected femoral condyle and trochlea were fixed in 4% 
buffered formalin (pH 7.4) and decalcified in 25% EDTA. An average of 10 sections (7 μm) 
of each specimen were taken in the sagittal plane to include the mosaicplasty and the 
donor site defect, respectively. Alternate sections were stained with HE, toluidine blue and 
Masson’s trichrome dye.
Histology of the mosaicplasty showed adequate restoration of joint surface. Chondrocytes 
in the transplanted cartilage cylinders appeared to have survived the procedure and 
the cartilage cap had maintained its original hyaline cartilage structure with no signs of 
Figure 1
A 43-year-old man with a chondral lesion on the medial side of his left knee 1 year after a dysfunctional 
bonepatellar tendon-bone autograft ACL reconstruction.
A. Preoperative arthroscopy of a large osteochondral lesion in the medial femoral condyle.
B. MRI of the medial femoral condyle, in which the original chondral defect has been transplanted with 
3 osteochondral plugs from the lateral trochlea. Note adequate restoration of the joint surface and 
signs of osseous integration of the plug in the subchondral bone. One plug has been placed relatively 
deeply, represented by an irregularity in the subchondral bone (arrow).
C. MRI of the lateral trochlea, where three osteochondral grafts have been harvested. The donor site 
defects have been filled with pressfitted osteoperiostal plugs, obtained from the proximal tibia. Note 
the reasonable restoration of the joint surface.
D. Weight-bearing radiograph of the knee prior to arthroplasty.
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disintegration (Figure 2A). From the postoperative MRI, we had learned that 1 of the 3 
osteochondral grafts had been placed slightly too deeply, which was in fact confirmed 
by the eventual histology of the graft (Figure 2A). At the boundaries of the cartilage plug, 
cluster formation of chondrocytes was seen, indicating cell proliferation and attempt at 
repair. However, in spite of this cellular response, a fissure remained clearly visible between 
the plug and the adjacent cartilage. There were no signs of incorporation between the two 
cartilage layers at the boundaries. Toluidine blue staining was less intense adjacent to the 
fissure, indicating loss of proteoglycans (Figure 2B). In the area of the subchondral bone, 
the transplanted plugs showed full incorporation together with full reconstruction of the 
tidemark between the transplanted osteochondral plugs (Figure 2C).
At the donor site, the transplanted osteo-periosteal plugs from the proximal tibia could still 
be detected in each defect (Figure 2D-E). Incorporation of the plug had occurred in the 
subchondral bone. At the level of the host cartilage, there was a reasonable integration 
between the osseous plug and the adjacent cartilage. No clear osteolysis of the plug or 
proteoglycan loss from the cartilage could be detected. Joint resurfacing consisted of a 
fibrous layer covering the plug. No cartilage formation from the original periosteum was 
seen.
Discussion
Several surgical treatment modalities for cartilage lesions have been introduced recently 5,6. 
Over the past 10 years, the mosaicplasty has become increasingly popular for the treatment 
of articular cartilage defects 1,7.
Various studies have shown good clinical results from mosaicplasty of the weight-bearing part 
of the femoral condyle 4,7-9. After 10 years of follow-up, Hangody and Fules 3 described good-
to-excellent results in 92% of 597 treatments with mosaicplasties. Despite these enthusiastic 
reports on mosaicplasty, there is still concern about the fate of transplanted cartilage and 
the repair potential of the donor site defect. Most studies have reported sufficient repair of 
both the original cartilage defect and the donor site defects on (occasionally performed) 
repeated arthroscopy.
Unfortunately, these studies have been based mainly on data from subjective clinical scores. 
Histology is of course dif ficult to obtain for ethical reasons. Occasionally, limited histology 
from a needle biopsy of the graft has been described, with promising results. To date, 
however, specimens sufficient in quantity for histological analysis have not been reported in 
Figure 2
A. Histological appearance of 3 adjacent plugs at the recipient site. Note adequate restoration of the joint 
surface with hyaline cartilage and the relative deep placement of one plug (Masson’s trichrome; ×12.5).
B. Enlargement of boxed area in A. Note cluster formation of chondrocytes at the boundary of each plug 
and less staining, indicating loss of proteoglycans (toluidine blue; ×100, bar = 200 μm).
C. Enlargement of dotted boxed area in A. Note reconstruction of the tidemark (arrow) at the transition 
zone, a clearly visible fissure between the two cartilage plugs and full incorporation of the plugs in the 
subchondral bone (Masson’s trichrome; ×100, bar = 200 μm).
D/E. Histological appearance of the donor site defect. The osteoperiostal plug from proximal tibia (*) is 
pressfitted in the host cartilage (HC). Note the reasonable resurfacing with fibrous tissue, no obvious 
cartilage formation from covering periosteum and reasonable integration at the transition zone, 
without osteolysis or proteoglycan loss (toluidine blue/Masson’s trichrome; ×50, bar = 500 μm).
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the literature. Here, good-quality full-thickness specimens for histological evaluation could 
be obtained because of the total knee arthroplasty performed in our patient. 3 years after a 
mosaicplasty, histology of the recipient site showed vital grafts with excellent incorporation 
in the subchondral bone. The transplanted cartilage had retained its hyaline structure and 
seemed to provide a good resurfacing of the joint.
In clinical practice the donor site defects are commonly left empty, and spontaneous repair 
with fibrocartilagenous tissue is assumed 1,4,7. From earlier animal experiments on donor site 
defects, this potential for spontaneous repair appears to be very limited 10. In an attempt 
to stimulate the repair of the donor site defect, we transplanted an additional osteo-
periosteal plug from the proximal tibia to the donor site defect. Incorporation of this graft 
into the subchondral bone was observed; however, no chondrogenesis from the covering 
periosteum could be detected. Thus, we believe that no substantial benefit can be gained 
from this additional procedure, except perhaps some additional structural support to the 
adjacent subchondral bone, preventing early collapse. These findings are also supported by 
an earlier animal experiment using this technique 10.
To our knowledge, this is the first case report on histological analysis of retrieval specimens 
from a complete mosaicplasty. We believe that these histological results support the current 
literature on mosaicplasty. Indeed, it appears to be possible to repair chondral defects with 
vital osteochondral transplants. Full incorporation of the plug into the subchondral bone is 
achieved; however, a fissure between the covering cartilage cylinders remains visible. The 
repair potential of the donor site defect, as well as the value of an additional osteo-periosteal 
plug from the proximal tibia, must not be overestimated.
No competing interests declared.
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Abstract
Background and purpose 
Autologous osteochondral transplantation (OCT) is an established method of treating 
articular cartilage defects in the knee. However, the potential for donor site morbidity 
remains a concern. Both the restoration of the original cartilage defect and the evolution 
of the donor site defects can be evaluated by bone scintigraphy. Thus, we performed a 
prospective bone scintigraphic evaluation in patients who were treated with OCT.
Patients and methods 
In 13 patients with a symptomatic articular cartilage defect, bone scintigraphies were 
obtained preoperatively, 1 year after osteochondral transplantation, and finally at an average 
follow-up of 4 (2.5–5.5) years. The evolution of scintigraphic activity was evaluated for both 
the recipient and the donor site. Parallel, clinical scoring was performed using the Lysholm 
knee scoring scale, the Cincinnati knee rating system, and the Tegner activity score.
Results 
The bone scintigraphic uptake was elevated at the involved femoral condyle preoperatively, 
and gradually decreased to normal levels in 7 of 11 cases. The originally normal uptake at the 
trochlea increased 1 year after transplantation. Then, a gradual decrease in uptake occurred 
again at this donor site to remain elevated at the final scintigraphy. A correlation was found 
between elevated scintigraphic activity and the presence of retro-patellar crepitus. The 
mean Lysholm and Cincinnati scores had increased 1 year after transplantation. The mean 
Tegner score had increased 3 years after transplantation.
Interpretation 
Elevated bone scintigraphic activity from an osteochondral lesion in the knee can be 
restored with OCT. However, increased scintigraphic activity is introduced at the donor site, 
which becomes reduced with longer follow-up. The use of fairly large osteochondral plugs 
appears to correlate with retro-patellar crepitus and increased scintigraphic activity, and is 
not therefore recommended.
Introduction
Focal cartilage damage in the knee is most commonly caused by trauma and osteochondritis 
dissecans. The choice of treatment of such a cartilage lesion depends mainly on the size 
and location of the lesion, and the age of the patient. In osteochondritis dissecans lesions, 
no treatment is necessary in children with a stable lesion. Surgical treatment is usually 
advocated for unstable lesions, in case of persisting symptoms, or if skeletal maturity is 
imminent. Surgery usually consists of removal of a loose body and abrasion and drilling of 
the defect or fixation of the loose body with bone, or metallic or bio-absorbable pins. Over 
the past decade, autologous chondrocyte implantation and osteochondral autografting 
have also been used 1,2.
Clinical outcome after osteochondral transplantation has shown promising results 3-6. 
Nevertheless, there still remain matters of concern with this technique, such as survival of the 
transplanted hyaline cartilage and potential donor site morbidity. The donor site defect at 
the trochlear area appears to heal with fibrocartilage; this area is subject to contact pressure 
and it is uncertain whether this may lead to degenerative changes and symptoms 7,8.
Bone scintigraphy reveals increased osteoblastic activity, which indicates degenerative 
changes or bone repair. We have not found any previous studies on bone scintigraphy 
following osteochondral transplantations in the knee. One would expect increased 
scintigrafic activity at the site of the original articular cartilage lesion. Whether this increased 
activity can be restored with osteochondral transplantation and whether the donor defect 
may lead to an increased activity is unclear.
We evaluated 13 patients who were treated with autologous osteochondral transplantation 
for a focal osteochondral knee lesion, with repeated bone scintigraphies of the donor and 
the recipient site up to 5 years after surgery.
Patients and methods
During 3 years, 13 patients (mean age 33 (23–48) years, 8 men) were operated for isolated 
full-thickness cartilage lesions of the femoral condyle either caused by trauma (7 cases) or 
osteochondritis dissecans (6 cases). The medial condyle was affected in 10 patients, and the 
lateral condyle in 3 patients. The average follow-up was 49 (31–65) months.
All patients had had at least 1 earlier surgical intervention on the knee. All had a 
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prior arthroscopy for debridement of the defect; in addition, there were 2 prior ACL 
reconstructions, 1 MCL stabilization, 1 partial meniscectomy, 1 tibial osteotomy, and 1 
tuberositas transposition. All knees had a neutral to slightly valgus alignment and no signs 
of osteoarthritis were present except for 1 patient who, besides the osteochondral lesion 
in the medial compartment, had arthrosis in the lateral compartment. The indication for 
osteochondral transplantation of this patient was questionable. Conversion to a total knee 
arthroplasty was performed 3 years after the osteochondral transplantation. Approval from 
a local ethical committee was obtained and informed consent was given by all patients.
Surgery
All osteochondral transplantations were performed by the same orthopedic surgeon (ABW). 
A medial arthrotomy of the knee was performed and the articular defect was debrided. 
The size of the defect was then determined and reconstruction of the articular surface 
with osteochondral plugs was planned. Cylindrical subchondral plugs (mean 2.4 (1–4) 
plugs) were taken from the cartilage defect perpendicular to the surface (recipient site). 
Matching osteochondral cylinders were harvested from the lateral trochlear region (donor 
site) using a cylindrical diamond cutter (Synthes, Zeist, the Netherlands). The diameter of 
the plug overshot the diameter of the recipient site by 1 mm for press-fit. The diameter 
of the plugs varied from 7.5 to 12.9 mm (Table 1). The plug was tampered into the defect 
until the cartilage cap of the plug reached the same level as the surrounding cartilage. The 
same approach was used if more plugs were needed to fill the condylar defect. The donor 
site defects were filled with press-fitted osteo-periosteal plugs harvested from the proximal 
tibia 9,10. All patients had restricted weight bearing for 6 weeks.
Clinical evaluation
The Lysholm knee scoring scale, the Cincinnati knee rating system, and the Tegner activity 
score were used to evaluate clinical outcome 11-13. In addition, the presence of patello-femoral 
crepitus was separately scored as none, moderate, with mild pain, and with more than mild 
pain. All patients were evaluated preoperatively, after 1 year, and at the final follow-up.
Bone scintigraphy
At the clinical evaluations, bone scintigraphy was also performed. Bone scintigraphies were 
obtained 5 min and 3 h after administering 600 MBq Tc-99m-MDP intravenously. They were 
evaluated by two nuclear physicians. Both the recipient and the donor site were evaluated 
at each time interval. Uptake was visually compared to that in normal, surrounding bone 
and scored as follows: 0 = normal, equal to surrounding bone, 1 = slightly elevated, 2 = 
moderate (clearly discernable from surrounding bone), and 3 = strongly elevated. Of the 35 
bone scintigraphies that were initially scored dif ferently by the observers, consensus could 
be obtained in only two.
Statistics
All scores were grouped according to the time of testing: preoperatively, 1 year, and 3 years 
postoperatively. For evaluation of dif ferences in the Lysholm and Cincinnati scores, the 
general linear repeated-measures model was used. The 3 follow-up points were entered as 
a within-subject factor with 3 levels (preoperatively, 1 year, and 3 years postoperatively). The 
Lysholm and Cincinnati scores were inserted into the model as dependent variables. When a 
statistically significant effect of follow-up moment was found, a post-hoc test (Bonferroni) was 
performed to identify which follow-up moments were significantly dif ferent. For comparison 
of dif ferences in Tegner score, presence of retropatellar crepitus, and scintigraphic activity 
for the 3 follow-up moments, the non-parametric Wilcoxon signed ranks test was used. 
For testing of correlation, the non-parametric Spearman’s correlation test was used. For all 
tests, p-values less than 0.05 were considered to be statistically significant. For all statistical 
analyses, SPSS 14.0 for Windows was used.
Table 1
Patient Total no. of plugs Plug diameter (no.)
1 1 12.9
2 2 8.5
3 2 7.5 / 8.5
4 4 7.5 (2) / 9.6 (2)
5 4 8.5 (1) / 11.7 (3)
6 1 11.7
7 4 7.5 (1) / 8.5 (3)
8 1 9.6
9 1 7.5
10 3 7.5
11 2 8.5
12 3 9.6 (1) / 11.7 (2)
13 3 9.6 (3)
The plugs
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Results
Clinical evaluation
All 3 clinical knee-scoring systems showed moderate improvement (Table 2). Retropatellar 
crepitus was found in 3 of the 13 patients preoperatively and 1 of these patients had mild 
pain. 1 year after surgery 10 patients had retropatellar crepitus, 2 with mild pain and 1 
with severe pain. At the latest follow-up, only 1 patient did not experience retropatellar 
crepitus and again 2 experienced mild pain and 1 experienced severe pain. The presence of 
retropatellar crepitus with or without pain increased after surgery, both at 1 year (p = 0.008) 
and at 3 years postoperatively (p = 0.005). No statistically significant dif ferences were found 
between the results at 1 year and 3 years after surgery.
No correlations were found between plug sizes and numbers on the one hand and clinical 
outcome or retropatellar crepitus on the other.
Bone scintigraphy
All patients were scanned preoperatively and at 1 year postoperatively. At the third follow-
up, bone scintigraphy was done in 11 of 13 the patients. The last bone scintigraphy was not 
performed in the patient who had had a total knee arthroplasty and in another patient who 
was not willing to return. The final bone scintigraphy was performed in 3 patients after 3 
years, in 3 other patients after 4 years, and in 5 patients after 5 years.
At the cartilage defect (recipient site), only 2 patients had normal activity at the preoperative 
scintigraphy. 7 patients showed slightly elevated activity levels, 3 showed moderately 
elevated activity levels, and 1 showed strongly elevated activity levels on this scan. At 1 
year after surgery, 10 patients showed the same or slightly increased activity at the recipient 
site in comparison to the preoperative levels. At the final scintigraphy, only 3 patients still 
had slightly elevated activity levels and 1 patient had moderately elevated activity levels. 
In the remaining 11 patients, the originally elevated activity at the cartilage defect had 
been restored to normal. These changes in scintigraphic activity approached statistical 
significance when compared preoperatively and at final follow-up (p = 0.07), and they were 
statistically significant when compared at 1 year and at final follow-up (p = 0.02).
At the lateral trochlear areas, later to be used as donor site for osteochondral plug harvesting, 
all scans demonstrated normal activity levels preoperatively. 1 year after the transplantation, 
the scintigraphy revealed increased activity at the trochlear groove in 9 patients whereas 
in 4 patients the activity remained normal. In the 9 patients with elevated activity, it was 
slightly elevated in 5 patients, moderately elevated in 3 patients, and strongly elevated 
in 1 (Figure). At final follow-up, in 3 patients activity increased from zero to mild levels at 
the donor sites, in 3 patients activity remained unchanged, and in 5 patients activity levels 
had decreased. Eventually, only 2 patients showed normal activity levels at the final bone 
scintigraphy and 9 patients appeared to have progressed from normal preoperatively to 
slightly elevated levels at the latest follow-up. The dif ference between preoperative and 
postoperative activity levels was significant both at the 1-year follow-up (p = 0.006) and at 
the final follow-up (p = 0.005).
A correlation was found between the presence of retropatellar crepitus and elevated bone 
scintigraphic activity at the trochlear area (p = 0.007). No correlation was found between 
plug sizes and numbers on the one hand and scintigraphic activity on the other.
Table 2
Preoperatively Postoperatively
1 year
Postoperatively
latest follow-up
P-value a
0-1 1-4 0-4
Lysholm 64 (40–81) 79 (48–95) 77 (40–100) 0.01 1.0 0.05
Cincinnati 67 (54–79) 76 (57–93) 78 (48–97) 0.01 1.0 0.09
Tegner 2.4 (1–3) 3.4 (1–9) 3.4 (1–7) 0.06 0.8 0.03
a P-values for the dif ference in clinical scores are indicted between the respective years of follow-up 
(preoperatively vs. 1 year, 1 vs. 4 years and preoperatively vs. 4 years of follow-up). 
Clinical scores
Figure
Scintigraphy in patient number 7 (see Table 1). 
A. Preoperatively: mild activity at the medial condyle. 
B. 1 year postoperatively: strongly elevated activity at the lateral trochlea and moderate activity at the 
medial condyle. 
C. 3 years postoperatively: reduced activity at the medial condyle and persistant activity at the lateral 
trochlea.
A B C
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Discussion
The clinical scoring did not improve as much as we had anticipated, and better clinical 
results have been reported 3-5,14,15. In our patients, donor site morbidity was a problem with 
retropatellar crepitus and pain, and increased scintigraphic activity. Donor site morbidity 
has been reported 3-5,9,16,17 but there is no consensus as whether donor site problems are of 
clinical relevance.
The presence of retropatellar crepitus and the limited improvement in clinical scoring in our 
patients may be explained by the fact that most patients had concomitant knee problems 
and rather large osteochondral donor plugs were used, with diameters up to 13 mm. The 
number of harvested plugs and their diameter are factors that may influence the clinical 
outcome 3,5.
We harvested plugs from the lateral trochlear area and one could argue whether less weight 
bearing may be present at the medial trochlear area. We still chose the lateral trochlea as 
donor site because of its larger surface area, and we believe that the diameter and number 
of plugs used are more related to crepitus than to whether the lateral or medial trochlea is 
used as donor site.
We used an osteoperiosteal plug from the proximal tibia to fill the donor site defects. 
Periosteal tissue is known to give rise to hypertrophy and crepitus when used for autologous 
chondrocyte implantation 18, and one could question whether this periosteum may have 
contributed to the high rates of crepitus. We do not believe that this is likely since in an 
earlier animal experiment we found that these osteoperiosteal plugs commonly failed to 
stimulate repair of the donor site due to osteoclastic resorption 9. Thus, we feel that these 
additional grafts were not of any importance and we have abandoned this technique.
Scintigraphy – recipient site
We found elevated uptake on bone scintigraphy at the site of the cartilage defect in 11 of 13 
patients on presentation. This increased uptake approached normal activity levels, in most 
cases following osteochondral transplantation. This finding makes us believe that adequate 
joint resurfacing can be achieved and progressive degeneration of the femoral condyle can 
be reversed by means of osteochondral transplantation. In addition, the normalized uptake 
on bone scintigraphy at the recipient site after an average of 4 years indicates adequate graft 
incorporation in the adjacent subchondral bone. In the absence of adequate incorporation 
of the graft or with sub-chondral cyst formation, elevated uptake would have persisted. 
Incorporation of the graft in the subchondral bone is supported by a retrieval case report on 
a patient who had had a knee arthroplasty after clinical failure following the osteochondral 
transplantation. Histology revealed incorporated grafts with vital hyaline cartilage caps 10. 2 
of 13 patients did not have elevated scintigraphic activity at the lesion site on presentation. 
The reason is obscure, and surprisingly these 2 patients had a poor clinical result. This finding 
raises the question of whether the cartilage lesions were indeed symptomatic, and more 
importantly whether bone scintigraphy may play a role in selection of patients who are 
suitable for osteochondral transplantation.
Scintigraphy – donor site
Preoperatively, scintigraphies were normal at the trochlear level. 1 year after the 
transplantation, nearly all patients had developed a markedly increased activity at the donor 
site. At the time of the last scintigraphy, however, after an average time of 4 years, the activity 
had decreased. There was a positive correlation between activity levels and retropatellar 
crepitus with or without pain.
Earlier publications have described the rather benign clinical course of this crepitus, with 
gradually declining symptomatology 3,5. These findings are supported by our scintigraphic 
data.
In summary, bone scintigraphy appears to be a good diagnostic tool for following 
osteochondral transplantations, especially for distinction between recipient and donor site 
morbidity.
Author contributions 
AW set up the study design and performed all the surgery. EvT gathered the data. NK 
performed the analysis and wrote the manuscript. WO performed the scoring of the bone 
scintigraphies. JvS and AW contributed to interpretation of the results and revision of the 
manuscript.
No competing interests declared.
93 92
6
References
1. Farnworth L. Osteochondral defects of the knee. Orthopedics. 2000; 23: 146-157. 
2. Cain EL, Clancy WG. Treatment algorithm for osteochondral injuries of the knee. Clin.Sports Med. 2001; 20: 
321-342. 
3. Jakob RP, Franz T, Gautier E, Mainil-Varlet P. Autologous osteochondral grafting in the knee: indication, 
results, and reflections. Clin.Orthop.Relat Res. 2002; : 170-184. 
4. Bentley G, Biant LC, Carrington RW, Akmal M, Goldberg A, Williams AM, Skinner JA, Pringle J. A prospective, 
randomised comparison of autologous chondrocyte implantation versus mosaicplasty for osteochondral 
defects in the knee. J.Bone Joint Surg.Br. 2003; 85: 223-230. 
5. Hangody L, Fules P. Autologous osteochondral mosaicplasty for the treatment of full-thickness defects of 
weight-bearing joints: ten years of experimental and clinical experience. J.Bone Joint Surg.Am. 2003; 85-A 
Suppl 2: 25-32. 
6. Horas U, Pelinkovic D, Herr G, Aigner T, Schnettler R. Autologous chondrocyte implantation and 
osteochondral cylinder transplantation in cartilage repair of the knee joint. A prospective, comparative 
trial. J.Bone Joint Surg.Am. 2003; 85-A: 185-192. 
7. Simonian PT, Sussmann PS, Wickiewicz TL, Paletta GA, Warren RF. Contact pressures at osteochondral donor 
sites in the knee. Am.J.Sports Med. 1998; 26: 491-494. 
8. Garretson RB, Katolik LI, Verma N, Beck PR, Bach BR, Cole BJ. Contact pressure at osteochondral donor sites 
in the patellofemoral joint. Am.J.Sports Med. 2004; 32: 967-974. 
9. van Susante JLC, Wymenga AB, Buma P. Potential healing benefit of an osteoperiosteal bone plug from the 
proximal tibia on a mosaicplasty donor-site defect in the knee. An experimental study in the goat. Arch.
Orthop.Trauma Surg. 2003; 123: 466-470. 
10. Kock N, van Susante J, Wymenga A, Buma P. Histological evaluation of a mosaicplasty of the femoral 
condyle--retrieval specimens obtained after total knee arthroplasty--a case report. Acta Orthop.Scand. 
2004; 75: 505-508. 
11. Lysholm J, Gillquist J. Evaluation of knee ligament surgery results with special emphasis on use of a scoring 
scale. Am.J.Sports Med. 1982; 10: 150-154. 
12. Noyes FR, Mooar PA, Matthews DS, Butler DL. The symptomatic anterior cruciate-deficient knee. Part I: the 
long-term functional disability in athletically active individuals. J.Bone Joint Surg.Am. 1983; 65: 154-162. 
13. Tegner Y, Lysholm J. Rating systems in the evaluation of knee ligament injuries. Clin.Orthop.Relat Res. 1985; 
: 43-49. 
14. Chow JC, Hantes ME, Houle JB, Zalavras CG. Arthroscopic autogenous osteochondral transplantation for 
treating knee cartilage defects: a 2- to 5-year follow-up study. Arthroscopy. 2004; 20: 681-690. 
15. Karataglis D, Green MA, Learmonth DJ. Autologous osteochondral transplantation for the treatment of 
chondral defects of the knee. Knee. 2006; 13: 32-35. 
16. Alford JW, Cole BJ. Cartilage restoration, part 2: techniques, outcomes, and future directions. Am.J.Sports 
Med. 2005; 33: 443-460. 
17. Marcacci M, Kon E, Delcogliano M, Filardo G, Busacca M, Zaffagnini S. Arthroscopic autologous 
osteochondral grafting for cartilage defects of the knee: prospective study results at a minimum 7-year 
follow-up. Am.J.Sports Med. 2007; 35: 2014-2021. 
18. Niemeyer P, Pestka JM, Kreuz PC, Erggelet C, Schmal H, Suedkamp NP, Steinwachs M. Characteristic 
complications after autologous chondrocyte implantation for cartilage defects of the knee joint. 
Am.J.Sports Med. 2008; 36: 2091-2099.
Osteochondral autograft transplantation 
for osteochondritis dissecans of the knee. 
Preliminary results of a prospective case 
series
J.M. Smolders
N.B. Kock
S. Koëter
J.L.C. van Susante
Acta Orthop Belg. 2010 Apr; 76 (2): 208-18
Department of Orthopaedic Surgery, Rijnstate Hospital, Arnhem, The Netherlands
Chapter 7
97 96
7
Abstract
To evaluate the short-term outcome of osteochondritis dissecans (OCD) treated with mosaic 
osteochondral autograft transplantation (OAT), 7 male patients (mean age 33.4) with 8 OCD 
lesions on the lateral border of the medial femoral condyle were prospectively followed. 
Patients were evaluated by the International Knee Documention Committee (IKDC) score 
and the Knee injury and Osteoarthritis Outcome Score (KOOS) questionnaires preoperatively, 
at 6 months and 1 year after surgery. MRI evaluation using the modified Sanders score was 
performed at 1-year follow-up.
The IKDC subjective score and all subscales of the KOOS improved significantly. MRI evaluation 
showed good surface congruency, no oedema or protuberance of the osteocartilaginous 
cylinders, good similarity of cartilage thickness and a non-complete osseous integration. 
With the small numbers of patients available, no correlation could be found between MRI 
findings, percentage of defect coverage and patient satisfaction. Mosaic OAT appeared in 
this study as a valid treatment option in selected cartilage defects. OCD lesions improved 
significantly following osteochondral transplantation. The limitations of this technique are 
the number and size of the plugs needed to repair the defect. Future research should focus 
on identifying the appropriate choice of operative treatment for well-defined subtypes of 
articular cartilage lesions, rather than searching for one superior technique for all.
Introduction
Osteochondritis dissecans (OCD) is a localised injury or condition affecting the articular 
surface and subchondral bone, with separation of an osteochondral segment 1. The 
knee is the joint most commonly affected. In adult OCD, focal osteochondral defects 
rarely heal without operative treatment, as cartilage defects over 2 mm in diameter have 
limited potential for self-repair. Successful treatment of OCD in a weight bearing joint is an 
orthopaedic challenge.
There are four main principles of operative intervention: lavageand and debridement, 
marrow-stimulating techniques, fixation of the loose body with (subchondral) bone, metallic 
or bio-absorbable pins, and resurfacing techniques. Lavage and debridement, removing 
loose and instable cartilage may offer temporary relief of pain for up to 4.5 years, but does 
not offer long-term protection against posttraumatic osteoarthritis. A marrow-stimulating 
treatment in chondral lesions is the microfracture technique, in which the subchondral bone 
is perforated arthroscopically by angled awls. It is successful in young patients with traumatic 
chondral lesions, without subchondral bone loss. The disadvantage of this technique is 
that when the subchondral bone is involved as in case of an OCD lesion, restoration of the 
surface congruency by true hyaline cartilage is not expected from bone marrow stimulating 
techniques, although some regeneration of the bony defect will result. An alternative is 
offered by two resurfacing techniques: autologous chondrocyte implantation (ACI) and 
autologous osteochondral transplantation (AOT) or ‘mosaicplasty’. For ACI an arthroscopic 
biopsy from the cartilage is taken and chondrocytes are isolated and cultured in vitro. The 
cultured chondrocytes can then be transplanted, three to five weeks later, to the defect 
2, where they are expected to form hyaline cartilage. With the ‘mosaicplasty’ technique, 
autologous osteochondral plugs are retrieved from the trochlea of the ipsilateral knee and 
are transplanted to the defects in the weight bearing area of the knee. The osteochondral 
donor sites most frequently used are the lateral and medial trochlea. Osteochondral allografts 
are widely used in the United States. While this avoids donor site morbidity, it is still only 
recommended for treatment of large osteochondral defects were other repair techniques 
are not suitable. Controversy on indications and results persists 3. Issues such as chondrocyte 
viability, cryo-preservation and risk of disease transmission prevent this technique from yet 
being widely used in small focal lesions and raises need for further research 4.
Randomised and prospective studies comparing microfracture, ACI and AOT are scarce 2,5-7. 
The results of ACI are promising but the disadvantages are the dif ficulty to grow sufficient 
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hyaline cartilage and the high cost. AOT provides a good rate of survival of the transplanted 
hyaline cartilage, and incorporation of bone has been demonstrated 6,8. On the contrary, the 
risk of donor site morbidity increases as more and larger plugs are harvested 8,9. In general, 
with a defect size not exceeding 4 cm2, donor site morbidity consists of patellofemoral 
crepitus during the first 6 months. To prevent such donor site morbidity, direct filling of the 
defect with a biphasic resorbable matrix scaffold implant plug is possible. One such implant 
is the TruFit plug (Smith & Nephew). A prospective trial in which this plug is compared to 
microfracture is now ongoing.
The studies available in the literature compare clinical results of dif ferent operative 
techniques in dif ferent types of articular cartilage lesions. Rather inhomogeneous groups 
of patients have been studied, and superiority of any one approach cannot be claimed by 
these studies 10, as conclusions are conflicting.
We like to think that the indication for a specific treatment should be based on the defect 
characteristics. An OCD defect is mostly located on the lateral aspect of the medial condyle, it 
lacks an intact lining with the intercondylar notch and has a size of approximately 4 cm2 with 
subchondral involvement 11,12. An advantage of the AOT technique is its inherent stability. 
The goal of this study was to evaluate the results of AOT in a well-defined homogenous 
subgroup of OCD articular cartilage defects on the lateral border of the medial femoral 
condyle.
Patients and methods
Between January 2005 and January 2007, 7 consecutive male patients with 8 symptomatic 
OCD lesions of the knee were treated by AOT at our institution. In this prospective level 2 
case series cohort, patients were included with a symptomatic OCD lesion over 0.5 cm2 
and under 5 cm2 with closed physis. Excluded were patients with previous mosaic plasty, 
additional intra-articular pathologies (ACL rupture, patellofemoral pathology), marked 
axis deviation or previous infection. The OCD lesions were confirmed preoperatively by 
conventional radiography and by MRI or arthroscopy. All lesions were classical osteochondral 
defects on the lateral border of the medial femoral condyle, with an open connection to the 
intercondylar notch. The left knee was affected in five out of eight cases. The mean age of 
the patients at the time of surgery was 33.4 years (range: 20 to 43).
Mean BMI was 23.9 (SD : 2.8). All patients had neutral or slight valgus limb alignment. There 
was a median duration of symptoms before surgery of 5 months (range: 1 to 59). Pre-operative 
level of activity was: fitness (n = 1), soccer (n = 2, of which 1 at professional level), cycling (n 
= 1), walking (n = 1); 2 patients did not participate in sports. All patients had persistent pain 
and reduction in activity; three patients had a history of a minor trauma.
Surgical Technique
The osteochondral transplantations were performed by a single surgeon (JLCvS). A small 
medial arthrotomy was used. Debridement of the defect was first performed with excision of 
Figure 1
Schematic representation of osteochondral transplantation
Figure 2
A. Macroscopic osteochondral defect on the medial femoral condyle.
B. Defect filled with osteochondral cylinder transplantation harvested from the lateral trochlea. 
Chips of subchondral bone from the recipient site are impacted into the donor site defects. 
Collagen type I haemostatic sponge, which is often used as a carrier of pluripotent stem cells, will be 
used to cover the defects.
A B
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the rounded border of the defect and of the fibrous tissue on the bottom of the defect (Figure 
1). A fresh articular cartilage defect was thus created, with sharp edges of hyaline cartilage 
and a bottom of bleeding subchondral bone (Figure 2). The Osteochondral Autologous 
Transfer System (OATS; Arthrex, St Anthonis, Netherlands) was used for transplantation of the 
osteochondral plugs.
A stepwise reconstruction of the joint surface was meticulously planned. The length, width 
and containment of the defect with reference to the intercondylar notch were used to 
determine the amount and diameter of osteochondral plugs needed. Most frequently, plugs 
with a diameter of 8 or 6 mm were used (Table 1); from earlier series we experienced an 
increase in retropatellar crepitus if larger plugs were used. Typically an 8 mm (Ø) recipient 
hole was created, using the transfer system, with a depth of 15 mm. Subsequently a matching 
donor plug was harvested, preferably from the lateral trochlea and was transplanted to the 
recipient defect. In case of a big defect, donor plugs were also harvested from the medial 
f lange of the trochlea. Prior to the press fit transfer of the osteochondral plug, the length of 
the donor plug was matched exactly with the depth of the recipient hole in order to have the 
plug resting on the bottom of the recipient hole (‘bottoming’). From earlier biomechanical 
studies we know that ‘bottoming’ the plugs and a plug length of 15 mm are ideal to prevent 
subsidence of the transplant during weight bearing 13. These steps were repeated until 
restoration of the joint surface was established (Figure 2B).
The donor site defects were then also addressed to improve chances of adequate 
resurfacing. The available subchondral bone plugs from the creation of the recipient holes 
were morselised and impacted into the donor site defects. The donor site defects were 
thus restored halfway up to the joint surface with an impacted cancellous bone graft. For 
the remaining donor site defect, a collagen type I haemostatic sponge was used to restore 
congruency of the joint. This collagen type I sponge may facilitate ingrowth of pluripotent 
stem cells from the synovium and thus potentially stimulate restoration of the donor site 
defect with fibrous cartilage 14. No lateral release was performed. The rehabilitation protocol 
consisted of six weeks 10 kg weight bearing with crutches. Since grafts were bottomed 
and thus stable, range of motion was unrestricted. From two months, progressive (athletic) 
activity was allowed as tolerated.
Clinical Assessment and MRI Evaluation
Patients were assessed preoperatively, and 6 and 12 months postoperatively using various 
clinical scores. The International Knee Documentation Committee (IKDC) scoring 15 was used 
to record both objective and subjective findings. The Knee injury and Osteoarthritis Outcome 
Score (KOOS) questionnaire 16 was used for additional information on symptoms, pain, sport/
recreation, activities of daily living (ADL) and quality of life (QoL). Both questionnaires are 
scored on a scale from 0 to 100, in which 0 represents the worst outcome and 100 the best 
outcome.
Table 1
Location of lesions (medial : lateral) 8 : 0
Number of transplants 3.6 (1 - 6)
Surface area of transplants 1.8 cm2 (0.97)
Surface size (cm2) Surface coverage No. plugs Plug diameter (no.)
0.50 100% 1 8 mm
1.01 100% 2 8 mm
1.01 100% 2 8 mm
1.51 100% 3 8 mm
1.70 100% 4 8 mm (3) / 5 mm (1)
2.07 80% 5 8 mm (3) / 6 mm (2)
3.02 90% 6 8 mm
3.20 80% 6 10 mm (3) / 6 mm (3)
Lesion characteristics
Figure 3
Postoperative MRI images, showing :
A. 2-plug mosaicplasty placed f lush with perfect depth alignment. Note that the cartilage thickness of the 
graft matches with the recipient cartilage layer.
B. Donor site of the lateral femoral trochlea filled by impacted chips of subchondral bone and collagen 
type I haemostatic sponge.
A B
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Morphological evaluation after AOT was performed in seven cases by MRI (1.5 Tesla) one 
year postoperatively (Figure 3). The modified Sanders grading system was used to evaluate 
surface congruency, protuberance of the cylinder, oedema, cartilage thickness and osseous 
integration 17. Two independent examiners reviewed the MRI images. Consensus on the 
scoring was reached in all cases.
Statistical Analysis
The variables tested were surface size, time to surgery, number of plugs, ICRS-score for current 
and subjective health, IKDC-score and KOOS score of symptoms, pain, sport/recreation, ADL 
and QoL. For all continuous variables the standard deviation was expressed in terms of mean 
± standard deviation (SD) of the mean. The Repeated Measures ANOVA with Bonferroni 
correction was performed to determine significant dif ferences at dif ferent follow-up times. 
Kendal rank correlation was performed to investigate relationships between the percentage 
of coverage and number of osteochondral plugs versus objective and subjective evaluation 
at 6-months and 12-months follow-ups postoperative. Alpha was set on 0.05.
Results
Prospective follow-up revealed a highly significant improvement of the clinical IKDC score 
(Figure 4) and of all subscales of the KOOS (Figure 5) questionnaire. The results of pre-
Figure 4
A. Boxplot IKDC Current health assessment. B. Boxplot IKDC Subjective knee evaluation
A B
Figure 5
A. Boxplot KOOS Symptoms. 
B. Boxplot KOOS Pain. 
C. Boxplot KOOS ADL. 
D. Boxplot KOOS Sport/Recreation.
E. Boxplot KOOS QOL.
A
C
E
D
B
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operative scoring and the 12-month post-operative outcome per subscale are summarised 
in Table 2.
The pre-operative clinical IKDC score and each subscale of KOOS is characterised by a 
relatively large standard deviation, indicating a wide range between individual patients 
(range: 20-80). Six months after surgery the IKDC subjective subscores revealed a significant 
improvement, as well as the KOOS subscales on Pain, Symptoms, ADL and QoL. The Current 
Health subscale remained unchanged (Table 2) and improvement on the subscale on Sport 
and Recreation was non-significant.
After one year all IKDC subjective scores and all KOOS subscales had improved significantly 
compared to the preoperative scoring (Table 2). In addition, the standard deviation on the 
outcome for each subscale had decreased dramatically with time. Postoperative adverse 
event was haemarthrosis lasting for a few weeks. No infection occurred. All patients 
experienced some kind of retropatellar irritation or crepitus initially. In most patients this 
disappeared within one month and in all patients within six months.
MRI
The modified Sanders MRI grading scale was used to evaluate the postoperative result of 
the osteochondral transplantation 18. A one-year follow-up MRI was available for seven knees 
(Figure 3). For each MRI the AOT was evaluated with respect to surface congruency, cylinder 
protuberance, oedema, cartilage thickness and osseous integration (Figure 6). Surface 
congruency could be graded as goodin 5 cases and moderate in 2 cases.
Protuberance of the cylinders was not found in 6 cases, protuberance of less than 2 mm was 
found in 1 case. Oedema was not present in any of the cases. The cartilage thickness of the 
graft was 100% similar to the adjacent cartilage in 5 cases and 2 cases revealed between 
50 to 100% similarity of thickness. Osseous integration at one year was incomplete in all 
cases, showing a visible margin around the osteochondral cylinder, but f luid collection, cyst 
formation or loosening were not found.
As for the donor site defects a typical example is presented in Figure 3B. Incorporation of the 
impacted morselised graft was observed at the bottom of the donor site defect, restoring 
the defect halfway up the joint surface. The remainding upper part of the defect, where a 
collagen scaffold was placed, appeared to be filled with regenerative tissue (Figure 3B).
Statistical evaluation
The IKDC subjective score improved significantly (p = 0.001) from a preoperative value of 66 
to 87 at one-year follow-up. The KOOS evaluation also showed a significant improvement 
at one-year follow-up for pain (p = 0.002), symptoms (p = 0.003), activities of daily living 
Table 2
Pre-operative Post-operative
6 months
Post-operative
12 months
p
0 m – 6 m
p
6 m – 12 m
p
0 m – 12 m
IKDC
Current Health 66 (36-92) 80 (67-96) 87 (80-98) 0.180 0.007* 0.053
Subjective 39 (18-77) 69 (54-89) 84 (68-98) 0.004* 0.000* 0.001*
KOOS
Pain 52 (17-83) 84 (58-100) 95 (86-100) 0.005* 0.102 0.002*
Symptoms 47 (21-79) 76 (57-100) 85 (79-93) 0.008* 0.303 0.003*
ADL 62 (20-96) 89 (79-100) 97 (93-100) 0.044* 0.070 0.019*
Sport/Recr 26 (15-80) 65 (15-95) 79 (45-95) 0.192 0.284 0.014*
QOL 25 (0-44) 54 (25-94) 70 (38-100) 0.011* 0.025* 0.000*
* Significant values
Clinical assessment
Figure 6
Graph showing results of the modified Sanders grading system for MRI. Every item could be scored with 
0, 1 or 2 points from best to worst; none of the MRI’s scored 2 points on any of the items in this study.
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(p=0.019), sport and recreation (p = 0.014) and quality  of life (p = 0.001). On the subscales 
pain and activities of daily living, patients hardly had any disabilities after one year with 
scores of respectively 95 and 97 out of 100. No correlation was found between MRI findings, 
percentage of coverage, number of plugs used and patient satisfaction.
Discussion
In this case series, good clinical and radiographic results were achieved with AOT for a highly 
homogeneous group of classic OCD lesions in the knee. Functional capacities and pain 
significantly improved. These results are in accordance with other studies claiming good-to-
excellent clinical results with AOT in 76 to 92% of patients 8,19-21,18. In one randomised controlled 
trial comparing AOT with ACT, Bentley et al considered AOT an obsolete technique for 
cartilage repair. In their study, however, a highly heterogeneous group of articular cartilage 
defects was evaluated, with defect sizes ranging from 1 to 12.2 cm2.
Only AOT and to a lesser extent ACI can provide hyaline cartilage repair tissue 2. Chondrocyte 
implantation has two major disadvantages: its high costs and the need for two procedures. 
Superiority over OAT cannot be claimed from the data available 10. AOT, on the other hand, 
can provide good coverage of the defect with a sufficiently thick cap of good quality 
cartilage and satisfactory restoration of the curvature of the condyle 21,22. An additional 
advantage of the OAT procedure is that it can be used in non-contained defects, because 
the graft has inherent stability. It can be used in osteochondral defects, which lack an intact 
lining with the intercondylar notch, like the defects treated in this study. There are, however, 
also clear disadvantages to this technique. Most importantly, there is the potential donor site 
morbidity, which remains an important limitation for the AOT technique. The osteochondral 
grafts are harvested in general from lesser weight bearing areas, usually the femoral 
trochlea. Several studies focus on pressure dif ferences and surface morphology, whereby 
the (distal) medial trochlea is considered to be the best harvest location. In agreement with 
most authors, we used the (distal) lateral trochlea, because the surface area present is larger 
23-25. Some studies assume spontaneous restoration and closure of the donor site defect 
with fibrocartilage 8,20,26. It is questionable if this restoration is not overestimated, as animal 
experiments on donor site defects show that the potential for spontaneous repair appears 
limited 27. Therefore, great care should be taken during the operation to minimize the chance 
of donor site morbidity and to stimulate recovery of the donor site defect. In the technique 
presented, all donor sites were carefully impacted with “chips” of subchondral bone from 
the recipient site and covered with a type 1 collagen scaffold. Type 1 collagen is often used 
as a carrier of pluripotent stem cells. In a retrieval study we found a reasonable integration 
between the osseous plug and the adjacent cartilage and a fibrous layer covering the plug 
after three years 22. In our experience some patients may demonstrate a gradually decreasing 
patellofemoral crepitus during the first six months postoperatively. In this study no patient 
complained of retropatellar crepitus or pain at 12 months follow-up. Still, the donor site 
morbidity remains a problem, which restricts the defect size to be treated by OAT 8,12,20. In 
this study no correlation could be found between the number of plugs, and KOOS or IKDC 
outcome scores. This might be influenced by the great care taken to prevent donor site 
morbidity, the limited size of the defect (largest 3.2 cm2) or the small number of patients. 
Marcacci et al reported a significant correlation at 2-year follow-up between the number 
of plugs implanted and worse IKDC objective score, which measures the donor site pain 
separately 18.
At one year follow-up a margin between the plug and its osseous surrounding remained 
visible on MRI in all patients, but no fluid surrounding the cylinder, cyst formation or graft 
loosening were present. Although the osseous integration was not complete at one year 
on MRI, this does not indicate that there was absence of osseous integration. Probably the 
MRI scan is very sensitive and simply reveals posttraumatic changes. This hypothesis is also 
supported by other study results 17. An earlier histological retrieval report on OAT has shown 
that after three years there is a full incorporation of the plug into the subchondral bone 22. 
Other studies reported complete osseous integration measured by MRI at 3 months 28, 6 
months 29 and 7 years follow-up 18. Rose et al found that incongruence of the cartilage surface 
and higher protuberance between donor and host cartilage did not lead to a decrease in 
knee function in the mid-term follow-up 17. This also seems to apply to our patient group, 
as 2 cases showed only moderate surface congruency and 1-2 mm protuberance of the 
cylinder while the results on the IKDC and KOOS questionnaire are good to excellent, and no 
correlation could be found.
Obviously, there are limitations to our study, which had a very limited number of patients, with 
a short MRI follow-up of 12 months. The modified Sanders MRI score is subjective on some 
points: especially when evaluating surface congruency, oedema of cylinder and cartilage 
thickness. It is a semi-quantitative score as these items cannot be measured objectively. 
Other scores like the MOCART and modified MOCART score are also in use. Further validation 
of these scoring systems is mandatory 30. Correlations between defect size, clinical outcome 
and MRI appearance could not be established. On the other hand, the study involved a 
highly homogeneous group of patients, who, at least on the short term, clearly benefited 
109 108
7
from a controversial cartilage repair technique.
For the classic OCD lesion with a diameter up to 4 cm2, AOT remains a valuable treatment 
option. Care should be taken to avoid harvesting more than 4 osteochondral plugs as 
well as plugs with a diameter larger than 8 mm, as this would lead to more retropatellar 
crepitus. Further improvement in the repair of the donor site defects may allow extending 
the indication of AOT to larger defects. As already mentioned in our introduction a possible 
solution to this limitation is filling up these donor site defects with implants such as the 
TruFit plug or other bone substitutes 31. Results seem promising with good bone restoration 
and even hyaline cartilage formation; further long-term research is however needed.
Clinical relevance
AOT appears as a valid treatment option for selected articular cartilage defects. This 
study shows that a subgroup of OCD lesions with a limited size on the lateral border of 
the medial femoral condyle appears to do very well on the short term. Future research on 
surgical techniques for cartilage repair should probably focus on defining the appropriate 
surgical technique for dif ferent types of lesions, instead of stimulating competition between 
techniques in larger trials with inhomogeneous cartilage defects.
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Introduction
As seen in the overview of treatment options in Chapter 1 dif ferent techniques are 
available for restoring an osteochondral defect in the knee. As discussed before, no general 
consensus seems to exist as to which of these techniques is the optimal treatment. In this 
chapter the discussion will focus on optimising AOT, which will be discussed following the 9 
aims layed out in Chapter 1. Then the place of AOT amongst all other treatment modalities 
is discussed and an effort is made to provide a guideline for selecting the right treatment 
modality for the dif ferent types of osteochondral lesions and or patients. At the end of this 
chapter conclusions, a guideline and future perspectives are given related to the use of AOT.
Address to aims
1. Establish the impact of transplant subsidence and its prevention (Chapters 2 – 4)
2. Identify surgical techniques to optimise the AOT procedure (Chapters 2 – 7)
Current literature clearly describes that both transplant subsidence and protrusion have a 
negative influence on outcome after AOT 1-6. In case of subsidence higher pressures will 
obviously remain at the rims of the defect as extensively discussed in Chapter 3 as aims 
3 and 4. Huang et al. 1 demonstrated in their goat study that cartilage thickening could 
compensate for subsidence of less than 1 mm. However, subsidence of 2 mm resulted in 
cartilage necrosis and fibrous overgrowth 1. Subsidence is most likely caused by lack of 
stability that is also thought to be responsible for cyst formation, degradation and resorption 
of subchondral bone and consequent plug loosening 7,2,8,9. The main factor that keeps a plug 
from displacing is friction between its subchondral bone and that of the contacting host 
and/or neighbouring plugs. As discussed in Chapter 2 a simple method for enlarging the 
contact area between graft and host and thus providing more friction and stability is using 
large plugs, both in diameter and in length 10. The ideal sizes will be discussed further on in 
this chapter.
In a one-plug situation the plug is usually completely in contact with its surrounding bone, 
which provides maximum shear forces and thus optimal stability. In a multiple transplant 
situation the round plugs are not completely in contact with the host and neighbouring 
plugs, which logically results in less wall friction, less stability and thus more chance of 
subsidence 11. A good method to maximize the contact area in multiple plug transplantations, 
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for even up to 100% contact 12, is to place plugs in an overlapping fashion. This means that 
part of a seated plug is removed when preparing the recipient bed for the next plug, so that 
both plugs are more integrated, than just touching. However, more or larger plugs are then 
needed and thus more risks on donor site morbidity exist. Using only a slight overlap more 
likely results in more stability, but the lack of complete surrounding contact still would make 
the plugs more vulnerable to subsidence than in a single-plug transplantation. 
Surprisingly, in contradiction with this theory was the conclusion of an article by Haklar et 
al. in 2008 that overlapping transplants were less stable 13. However, their study consisted of 
a 2-plug transplantation in an intact condyle. Three groups were compared: a control group 
with 2 adjacent plugs and two groups with a dif ferent amount of plug overlap. When looking 
at the control group in more detail, it can actually be considered as two individual plugs 
transplanted in an intact condyle. It is logical that this is the most stable situation that can 
be achieved and that stability was thus significantly higher compared to both other groups. 
The study of Haklar et al. 13 would have been much more indicative of the real situation if 
performed in a standardized defect and results might then have been the exact opposite.
As described in Chapter 1 and discussed throughout this thesis is the technique called 
‘bottoming’. This technique seems to provide a very stable reconstruction that prevents 
subsidence. The biomechanical human cadaver studies of Chapters 2 and 3 proved that 
bottomed transplants were more stable than unbottomed ones, both in one-plug or 
multiple-plug transplantations. The experimental cadaver study of Chapter 3 also showed 
that it takes relatively low loads to displace an unbottomed multiple-plug reconstruction. 
Every surgeon will advice limited- or non-weight bearing in the weeks after the operation, 
until the subchondral bone will be grown in. However, the joint needs to stay mobilised 
and even then without weight bearing, during ‘load free’ exercise, it seems that plugs could 
easily get displaced and bottoming could clearly help to prevent this. 
In Chapter 4 also unbottomed and bottomed grafts were compared, only this time in a 
two-plug reconstruction in vivo animal model. After macroscopic scoring, again, the 
bottomed plugs were less susceptible to subsidence and, hence seemed more stable than 
the unbottomed ones. Unfortunately no significant dif ferences were found in histological 
scoring. 
In Chapters 6 and 7 the clinical outcome of patient groups is presented. In the group of 
Chapter 7 transplants were all bottomed and resulted in a good clinical outcome. The 
surgical technique in Chapter 6 closely resembled an unbottomed technique with fairly 
large plugs. Outcome in this study group was relatively poor, but it was theorised that the 
use of relatively large plugs and, hence, more chance on donor site morbidity contributed 
to this. After 17 years of experience Hangody et al. concluded that larger plugs are indeed 
more stable, but result in more donor site morbidity 14. However, the conclusion might also 
have been that not having bottomed the transplants perhaps resulted in more subsided 
plugs and thus a worse outcome. After all, looking at the case report presented in Chapter 
5, which concerned a retrieved specimen of one of the patients from the study in Chapter 6, 
one of the three plugs in this transplantation clearly had subsided. Nevertheless, it of course 
remains unclear if this subsidence would have been prevented in case of bottoming.  
By combining literature and findings of this thesis it appears advisable to always use bottomed 
plugs. This will require slightly extra surgical effort, but when performed carefully  there will 
be little risk of protrusion and more stability is offered to the transplantation and thus a 
higher chance is created for an optimal outcome. Final evidence for this recommendation 
would require a randomized prospective study. However such a study is not available and 
very dif ficult to perform. If bottoming is experienced to be dif ficult or for other reasons 
not chosen, a longer plug will be more stable (Chapter 2). The same applies to a larger 
diameter plug 14, but this may not be advisable regarding donor site morbidity and surface 
congruency, which will be discussed at the next aim. Also the use of overlapping plugs in 
case of a multiple-plug transplantation will likely result in higher stability, but remains to be 
properly investigated.
3. Outline the importance of surface congruency of the osteochondral transplantation 
(Chapters 3 & 4)
If after osteochondral transplantation the new surface is not congruent, places of both 
subsidence and protrusion may occur. It is logical that a plug which is not placed flush on 
its complete circumference is susceptible for peak stresses generated either on the edges 
of this plug, the neighbouring plugs or the rims of the defect. That protrusion of plugs will 
indeed lead to abnormal strain distributions was confirmed by finite element simulations 
3,4. Protrusion was found to be harmful at the level of the plugs itself and in one study also 
at the opposing cartilage layer 3. Koh et al. also proved in their swine study that elevated 
angled grafts increased contact pressure and Pearce et al. described in their sheep study 
that protruding plugs led to perigraft fissuring, fibroplasia, and subchondral cavitations 2,5. 
Lack of congruency is more than just a subsided or protruded plug. Because of non-matching 
surface curvatures between the trochlear region and the condyles, it seems dif ficult to 
harvest and position a plug that is absolutely f lush on its complete circumference. The 
substantial value of perfect congruency is nicely illustrated by the rabbit studies of Makino 
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et al. where optimal surface matching resulted in very good hyaline cartilage survival 15,16. So 
it seems vital to match the surface area of the recipient and donor sites for achieving optimal 
congruency. In humans the most medial or lateral portions of the trochlear area provide the 
best surface match for the weight-bearing regions of the condyles 17,18. 
However, to harvest plugs with good congruency is a real challenge. It is essential to harvest 
a graft perfectly perpendicular to the cartilage surface and also prepare the recipient site 
in the same manner. If these requirements are not fulfilled, the cartilage of the plug will 
be placed somewhat angled, again leading to surface incongruency and higher contact 
pressures as illustrated by Koh et al. 5. This is also clearly shown by the goat study presented 
in Chapter 4, where the narrow and steep trochlea of the goat presented itself as a dif ficult 
location to harvest perpendicular (and therefore congruent) grafts. On macroscopic 
inspection several grafts indeed were somewhat tilted. It is of course dif ficult to prove if 
this was related to problems with perpendicular plug harvest or tilting because of instability 
and/or bone resorption. It can be concluded from these experiences that after harvesting 
a plug it is good to inspect it on perpendicularity and expected congruency with the 
host-cartlilage. If not perfectly perpendicular, this could still be corrected by preparing the 
recipient site also slightly angled and positioning the graft accordingly. 
Furthermore, it appears important to realize that larger diameter grafts will present more 
deviation on surface incongruence because of the less concave surface of the trochlear area 
in respect to the condyles. Smaller diameter plugs allow for a reconstruction approach with 
a more concave surface of the condyles. However, plugs should not be too small because 
this has negative influence on cartilage survival, as Hurtig et al. demonstrated in an animal 
model. They advised not to use plugs with a diameter of less than 4.5 mm 19. 
4. Analyse contact pressure patterns from osteochondral defects and compare them 
with intact and subsequently transplanted areas (Chapter 3)
To get more insight in the pressure patterns in and around a defect area a study was conducted 
by using cadaveric human knees and an advanced system of pressure sensitive films. This 
study, which is presented in Chapter 3, confirmed that there are indeed significantly higher 
stresses on the cartilage of the rim of a defect, than on a normal intact condyle. By restoring 
the defect with an AOT these contact stresses are significantly reduced again, which is in 
fact one of the true goals of articular cartilage defect restoration.
Again, in the study of Chapter 3 the benefit of bottoming was tested. After joint movement 
with or without loading it was obvious that bottoming the 3-plug transplant significantly 
prevented subsidence resulting in reduced stress elevations on the rims of the defect in the 
bottomed group. Hence, this study contributed to the belief that bottoming may really be 
beneficial in preventing subsidence, especially in a multi-plug situation. 
5. Evaluate chondrocyte survival and subsidence tendency after osteochondral 
transplantation both in the human and in animal experiments (Chapters 4 & 5)
6. Determine a relationship between biomechanical stability and transplant viability 
(Chapter 4)
Despite theoretical and experimental examinations, only an in vivo study can really 
demonstrate the effects that various osteochondral transplantation techniques can have 
on cartilage survival of both the host and the donor cartilage and if a defect thus can be 
actually restored with appropriate living biomechanical tissue. In Chapter 4 a 2-plug goat 
experiment is presented, where histology after 8 weeks confirmed that indeed a defect in 
a load-bearing region could be restored by vital hyaline cartilage after AOT. After 3 years, 
histology of the retrieval specimens presented in Chapter 5 also revealed well incorporated 
grafts and vital hyaline cartilage caps. 
As already demonstrated by other studies the hyaline cartilage of the plugs does not seem 
to integrate with neighbouring cartilage after AOT 20,21. Huntley et al. described the negative 
influence of cutting hyaline cartilage 22. They theorized that the margin of cell death that 
remained after cutting cartilage could result in this lack of side integration. It might also 
be the lack of stability and congruency that prevents this hyaline cartilage integration. 
As is widely known, hyaline cartilage is constantly exposed to dynamic strains, thereby 
being compressed and expanded frequently. It could well be that these dynamic motions 
between the contacting cartilage zones result in this lack of integration. If an ideal situation 
would be possible, with perfect height alignment, stability and thus physiological stress 
distribution, perhaps the cartilage would be able to integrate. In the aforementioned study 
of Makino et al. the most optimal situation was achieved and, indeed, hyaline cartilage 
seemed to integrate under those conditions 15. Therefore, it seems plausible that stability 
and congruency are important factors. However, these optimal circumstances cannot be 
achieved in clinical practice and hyaline cartilage integration between contacting zones is 
therefore not to be expected.
Cyst formation also seems to be related to the lack of stability. Cysts are usually seen at the 
contact areas in the subchondral bone, as described in Chapter 4 and it is thought that they 
are formed by synovial f luid invading these contact areas under pressure. Therefore it seems 
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of high importance to gain as much as possible contact coverage and stability between 
plugs and host, to prevent voids where cysts might be formed. 
The animal study in Chapter 4 also demonstrated that protruding cartilage, thus sustaining 
higher stress levels, contains less or no chondrocytes and reduced proteoglycan 
concentrations. This is clearly indicative of the negative influence of peak stresses and thus 
the importance of congruency and thereby also stability. Unfortunately no dif ference was 
found between histological cartilage scores of bottomed and unbottomed transplants as 
expected after the above-described theories. As already mentioned before it is known that 
slight subsidence has little negative influence on the survival of hyaline cartilage because 
of cartilage thickening. Perhaps, because of the much more rigid goat bone structure 
compared to human bone, intrinsic stability was already higher and thus subsidence not 
profound enough to have a considerable influence on histological appearance. However, a 
significant dif ference was found reviewing the macroscopic scores. Less tilting, subsidence 
and fibrous overgrowth was observed in the bottomed group, being indicative for a more 
stable situation. This animal study also clearly demonstrated that bottoming transplants 
entails no risk on protrusion when performed carefully. 
It may be concluded that AOT can deliver vital hyaline cartilage to a defect and that better 
congruency and higher stability will result in better cartilage survival. However, it remains 
dif ficult to translate these experimental findings of animal studies to clinical relevance. 
Despite this, based on animal study data and extensive clinical experiences Hangody et al. 
also state that intrinsic stability appears to correlate with successful clinical outcome 14.
7. Evaluate the course of scintigraphic activity at both recipient and donor site after AOT 
(Chapter 6)
In Chapter 6 a patient group was presented with prospective follow-up of an osteochondral 
lesion treated with AOT, using bone scintigraphy. In this study it was theorized that an 
activity shift could be found moving from high activity levels at the defect area prior to 
surgery, to the donor site at the post-operative scan. Indeed, pre-operatively the defect areas 
revealed higher than normal activity on scintigraphy and normal activity levels were seen at 
the trochear (future donor) regions. Four years after surgery, activity at the transplant areas 
had largely diminished whereas the donor areas revealed higher activity in most patients. 
Surprisingly, 2 of 13 patients did not have elevated scintigraphic activity at the lesion site 
on presentation and also had a poor clinical result at follow-up. Maybe these osteochondral 
lesions were actually not of clinical significance, since restoring them by means of AOT did 
not result in clinical improvement. Therefore, scintigraphy might be used as a prognostic 
tool to predict outcome and set the right indication. For patients without a clear relation 
between the cartilage lesion and symptoms, a bone scintigraphy may be of diagnostic value. 
If the scintigraphy does not reveal elevated activity at the lesion site, this may be indicative 
for an asymptomatic lesion and the patient may therefore not benefit from an AOT. Also 
on presentation of persistent problems years after an AOT, bone scintigraphy could help 
dif ferentiate between donor and recipient site morbidity. Ideally, a larger patient study is 
required to establish the relationship between pre-operative scintigraphical signs and the 
success rate of AOT.
8. Underline the impact of donor site morbidity (Chapter 6)
Although the osteochondral grafts are harvested from relatively low load bearing regions 
at the trochlear area, these sites are never completely free from friction and pressure or 
else logically no hyaline cartilage would have to be present 23,24. As mentioned in the 
introduction, basically AOT can be seen as shifting morbidity from a fully- to a minor-weight 
bearing region in the knee. Although under less pressure, these defects will also only get 
restored by the more inferior fibrocartilage. Generally this is considered to be acceptable 
and of little influence on the outcome 25,26. However, some authors do acknowledge the 
impact of donor site morbidity and researched dif ferent filling methods trying to enhance 
repair of these defects 7,27,28. After 17 years of experience in young athletes Hangody et al. 
expressed their concerns, especially in the more active patients, where these defects are 
subjected to higher loads 14. Their advise was not to use too many or large plugs. Preferable 
sizes were 6.5 or 8.5 mm in diameter, in respect to both surface congruency and donor site 
morbidity. Also lesion sizes above 4 cm2 should preferably not be treated to avoid donor site 
morbidity as concluded earlier 26.
Derived from available literature, plugs from the outer peripheries of the lateral and medial 
trochlea seem the best surface contour matches for the weight bearing regions of both 
condyles, especially the proximal trochlea 17,18,29. With respect to load bearing, the literature 
is not really consistent, but probably the above-mentioned locations undergo the least load 
bearing near the sulcus terminalis 23,24. 
In the patient group of Chapter 6 rather large plugs were used and patient outcome was 
fairly poor. There was a correlation between retropatellar crepitus and elevated activity at 
the trochlear area on bone scintigraphies, indicative for donor site morbidity. Since activity 
levels of the recipient sites at latest follow-up on average were normalized on scintigraphy, 
presumably outcome was less than expected because of donor site morbidity.
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So it seems that donor site morbidity is not to be underestimated. Donor sites should be 
chosen wisely and the use of large plugs (>8.5 mm in diameter) should be avoided. To 
promote donor site healing, impacted collagen could be used as described by Feczko et 
al. 27 and in Chapters 4 and 7. Preferably, the number of plugs should be kept to a minimum 
and therefore large defects might be treated better with a dif ferent surgical technique (see 
section Conclusions).
9. Evaluate patient selection and outcome (Chapters 6 – 7)
As demonstrated by Chapter 6 it seems that not all osteochondral defects have to be 
symptomatic as also discussed at Aim 7. This finding combined with the failed case of 
Chapter 5 underlines the necessity of performing AOT only on patients with an (osteo)
chondral lesion in an otherwise normal and well-aligned joint 14.
Learning from findings of this thesis (Chapters 5 till 7) it seems that patients with isolated 
smaller defects and no co-morbidity in the relevant knee perform better after AOT. It is 
realized that numbers of patients in these studies were small, but the findings relate well to 
the conclusions presented in the latest publication by Hangody et al. where after 17 years 
of experience 261 cases of AOT in the femoral condyle of athletes were described. Size and 
location of the defect, alignment of the extremity and age of the patient all proved to play 
an important role on long-term outcome in this large group of active patients 14. Patients 
under 30 years performed markedly better. In 2003 Hangody et al. already described better 
performance in patients under 35 years and suggested an upper age limit of 50 years in a 
normal population patient group 26. 
In summary AOT on the condyles of the knee in general appears to be a good treatment 
option for focal osteochondral lesions not exceeding 4 cm2, while acknowledging the 
influences of lesion characteristics, patient age and activity level and concurrent knee 
morbidity, which can influence outcome.
Place among other treatment options
Most comparisons in literature are done on microfracture (MF) and autologous chondrocyte 
implantation (ACI). Several good randomised comparative trials are presented. However, 
no apparent superiority of either technique can be claimed as confirmed by recent review 
articles 30,31. It seems as if the natural course of small osteochondral lesions might not even 
be that dif ferent in respect to outcome as compared to whatever surgical treatments 32. 
However, no comparative trials can be found on this subject. A short overview of the larger 
prospective randomised comparative trials on surgical treatments is presented below.
AOT vs ACI
In 2003 two trials were published comparing AOT and ACI. Horas et al.  found in their 
2-year follow-up study that both techniques provided improvement in clinical outcome 33. 
However, AOT clearly improved faster and defects were filled with hyaline cartilage instead 
of fibrocartilage as in the ACI group. In contrast, Bentley et al. concluded superiority of ACI 
after 1.7 years and even considered AOT an obsolete technique 34. However, their study 
group contained highly heterogenic defects, ranging from 1 to 12.2 cm2. And as we know 
from other research preferably no defects larger than 4 cm2 are to be treated with AOT, 
because of risk on donor site morbidity.
AOT vs MF
In 2005 Gudas et al. presented their study results comparing AOT with microfracture 35. After 
3 years AOT proved to be significantly superior over microfracture in this group of young 
active athletes under the age of 40 years with defects smaller than 4 cm2, 96% had excellent 
or good clinical results after AOT against 52% after MF. 93% of OAT patients against 52% MF 
patients returned to sports activities at the pre-injury level at an average of 6.5 months. In 
the MF group clinical outcome was significantly worse in defects larger than 2 cm2. No such 
dif ference was found in the AOT group.
ACI vs MF
In 2007 Knutsen et al. presented their results of comparing ACI with MF in defects varying 
from 2 to 10 cm2. After 5 years in both groups satisfactory results were obtained in 77% of 
patients. However, no dif ferentiation was made between larger and smaller defects. Their 
publication of the 2-year results in 2004 revealed that in lesions smaller than 4 cm2 results 
were better after MF 36. Apparently after 5 years this sub-group performed so much better 
that this weighed up to the lesser outcome of MF in the larger defects. 
In 2009 Kon et al. described better results for Matrix induced ACI (MACI) after 5 years in defects 
ranging from 1.4 to 4.4 cm2 37. Also in 2009 Saris et al. described better results after 3 years in 
their Characterised ACI (CCI) group. In this study the quality of transplanted chondrocytes 
could be related to outcome. In 2010 Basad et al. revealed after 2 years of study that MACI 
was superior to MF in the treatment of defects larger than 4 cm2. This is not surprising since 
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in 2004 Knutsen et al. already described unfavourable results with MF in lesions larger than 
4 cm2 and in 2005 we learned from the study of Gudas that MF in defects even larger than 2 
cm2 performed significantly worse 35,36.
Reviewing these large randomised comparative trials shows that indeed no clear superiority 
of one surgical treatment can be claimed. ACI obviously was of mayor interest in the last 
decade, however, has not been compared to AOT lately. It seems as if AOT undeservingly has 
been left as a treatment modality because of the broad enthusiasm on ACI in literature. AOT 
does have its place as a viable treatment for osteochondral defects, because it seems that 
every treatment modality has its benefits and drawbacks and thereby its specific indication 
range and therefore not one treatment can cover all indications. 
MF has the advantage of being conducted fairly simple during diagnostic arthroscopy and 
easily repeated when needed. Its drawback is that it has less success in chronic lesions and 
that it is not so durable since only fibrocartilage is formed and therefore initial positive 
outcome could deteriorate already after 2 years 38. 
ACI, or modification, has the benefit of no donor site morbidity, full lesion surface coverage 
and relatively good results in larger defects but has the drawback of needing two surgeries, 
higher costs, needing some time to optimal results and performing less in chronic lesions 39. 
AOT has the advantage of being more durable in active or heavy patients because of readily 
available hyaline cartilage and structural support and most likely has higher success rates 
in chronic lesions and reaches optimal results sooner after surgery than after MF of ACI. Its 
drawback and limitation for its use is the risk of donor site morbidity in larger lesions and 
active patients and it is therefore preferably not used in lesions larger than 4 cm2 and in 
patients with very high (sports) activity levels. So as also pointed out by Bekkers et al. in 
their recent review the appropriate treatment should be carefully selected per patient and 
indication 31. 
The following selection guidelines may be drawn through the results of current available 
comparative trials:
 㲊 Symptomatic chondral lesions under 2 cm2 are preferably treated by MF as the first step. 
Hereafter, in symptomatic patients, AOT could still be performed. 
In osteochondral lesions under 2 cm2 MF is not rational since the subchondral bone plate 
is already damaged. In these lesions direct AOT should be considered.
 㲊 Lesions above 2 cm2 entail a higher risk of donor site morbidity and other treatment 
modalities such as ACI should be considered. We believe that for 2-4 cm2 (osteo)chondral 
lesions either AOT or ACI can be considered without clear dif ferences in success rates.
 㲊 Lesions above 4 cm2 are not suitable for AOT due to chances of donor site morbidity and 
should subsequently be treated by ACI or a modification of the ACI techique.
 㲊 Any surgical repair of an articular cartilage defect should be restricted to an otherwise 
intact knee without malalignment. For instance, a cruciate ligament insufficiency or an 
axial malalignment should be addressed prior to or at the time of the actual cartilage 
repair procedure.   
Conclusions and guideline
Based on findings of this thesis and literature, the following conclusions can be drawn and 
advise can be given on the use of AOT:
1. AOT is a viable treatment option for instantly restoring a hyaline cartilage defect with 
vital hyaline cartilage.
2. The risk on donor-site morbidity is the largest drawback and limitation of the use of this 
technique.
3. Operating only patients with the right indications is vital for good outcome. Guidelines 
are:
a. (Osteo)chondral lesion size smaller than 4 cm2.
b. Relatively large lesions have a higher chance on donor site morbidity in patients 
highly active in sports (consider ACI).
c. Consider the presence of malalignment or instability and do not ignore them.
d. Patient age preferably under 35 years (upper limit 50 years).
e. Patient is able to be compliant with post-op weight-bearing restrictions.
f. Consider bone scintigraphy to evaluate or reassure symptomatology of the lesion
g. If a small cartilage lesion (< 2 cm2) is found through diagnostic arthroscopy, direct MF 
can be performed. This entails no negative influence on future treatments with AOT.
4. Surface congruency is important for optimal cartilage survival.
a. Best harvest locations are the outer peripheries of the lateral and medial trochlea, 
especially the proximal trochlea near the sulcus terminalis.
b. Always first harvest a plug, before preparing the recipient site. In this way a non-
perpendicular harvest can be corrected by preparing the recipient site hole in a 
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slight angle.
5. Stability of the transplant(s) is important for retaining surface congruency, transplant 
integration and cartilage survival.
a. Larger diameter plugs are more stable, but harvest sites are more prone to donor site 
morbidity. Smaller plugs provide better surface congruency, but are more at risk of 
cartilage damage. The prefered diameter of the plugs is between 6 and 8.5 mm and 
never smaller than 4.5 mm.
b. Bottomed plugs are more stable than unbottomed plugs. Shorter bottomed plugs 
are more stable than longer ones.
c. When transplants are unbottomed, longer plugs are more stable than shorter ones.
d. Placing plugs (slightly) overlapping could improve stability and surface coverage, but 
should not result in more plugs needed.
e. Rehabilitation should consist of non-weight bearing during the first 3 weeks post-
operative and hereafter partial-weight bearing for 3 weeks. When only bottomed 
transplants are used, partial weight bearing directly post-operative till 6 weeks will 
be sufficient.
Future prospective
The AOT technique is a fairly straightforward technique as it is. Future improvements of this 
technique may focus on the optimization of  surface geometry reconstruction, since this 
is of vital importance and technically challenging, especially in multiple graft transplants. 
Optimal pre-operative planning by digital reconstruction of donor and recipient sites 
through for instance the use of (3D) MRI, may be an interesting development. Already MRI 
has been used to evaluate the surface geometry of the patello-femoral joint 40. Combined 
with computer-guided surgery, which already proved to provide more accurate and precise 
reconstructions 41, the AOT technique might be improved to the point that it would become 
an even more valuable one. Another interesting development might be the use of tissue 
glue to optimize the integration and stability of the transplants. 
Furthermore better (simple) filling materials for the donor sites may reduce donor site 
morbidity, which also would have a positive influence on clinical outcome and perhaps 
even make the treatment of larger defects with AOT acceptable.
Research on cartilage repair today seems to focus solely on chondrocyte implantation and 
no recent comparative trials are presented on ACI versus AOT or AOT versus microfracture. 
Since AOT still has to be considered as a good treatment modality there remains need for 
high-quality long-term prospective trials, comparing the latest ACI, microfracture and AOT 
techniques. Also future research should focus on finding the most appropriate technique for 
each specific (osteo)chondral lesion and/or patient type, instead of the ongoing search for 
one overall superior technique.
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Chapter 1
The first chapter of this thesis contains the general introduction. This thesis describes 
Autologous Osteochondral Transplantation (AOT) as a treatment modality for relatively 
small, focal cartilage lesions in the knee. Hyaline cartilage, once destroyed, can virtually not 
be regenerated.  Since even small cartilage lesions in a weight bearing area of the knee are 
of potentially debilitating nature, surgery may be required to repair the defect. All dif ferent 
operative treatment options are presented and briefly discussed. 
AOT is discussed in more detail, specifically the operative technique, its limitations and 
outcome. This operative technique basically can be seen as a diversion of the problem 
from a full weight bearing area to a lesser weight bearing region, by transplantation of 
cylindrical osteochondral plugs from the trochlea to the defect area on the condyle. The 
major limitation of this technique is donor site morbidity and the outcome greatly depends 
on the obtained surface congruency of the transplant and the stability of the plugs. Both 
protrusion and subsidence of a plug are of negative influence on chondrocyte survival. 
In this chapter the concept of ‘bottoming’ is introduced, which is an important subject 
throughout this thesis. Bottoming of an osteochondral transplant entails placing a plug 
sturdy on the subchondral bone bed of the prepared recipient site. This in contrast to 
‘unbottoming’, which is most surgeons’ preference, where a small cavity is left underneath 
the plugs in order to prevent protrusion. In this case stability only comes from wall friction, 
while in case of bottoming the plug as a whole also receives structural support from the 
subchondral bone bed. It is theorized that bottoming provides better stability and therefore 
better surface congruency and chondrocyte survival and subsequently also a better clinical 
outcome, compared to unbottoming. At the end of this chapter the nine aims of this thesis 
are outlined.
Chapter 2
In this chapter the results of the thesis’ first human biomechanical cadaver study are discussed. 
The study was performed to compare the stability of bottomed versus unbottomed single 
plug osteochondral transplantions. Also three dif ferent plug lengths were compared: 8, 12 
and 16 mm. An indenter depressed the transplants from 5 mm above to 3 mm below joint 
level and the required pressures were recorded and analyzed.
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host cartilage. Histological scoring did not dif fer between both groups. The very compact 
subchondral goat bone compared to humans provided a very tight press-fit situation. It 
was therefore theorized that the more frequently observed subsidence in the unbottomed 
group might not have been extensive enough to result in cartilage damage, since hyaline 
cartilage is capable of compensating for some subsidence by hypertrophy.  
It was concluded that AOT was able to restore a defect by vital hyaline cartilage. Despite 
no apparent histological dif ferences, based on the morphological scores and former 
biomechanical studies it was still recommended to use bottomed plugs in patients, because 
of the less dense subchondral bone structure in humans and therefore higher chance of 
subsidence. 
Chapter 5
In this chapter a case report describing one of the patients of the study group of Chapter 6 
is presented. 3 years after AOT this patient was still symptomatic and received a total knee 
arthroplasty, since more generalized degenerative changes were now found in the knee. 
Hereafter full-thickness histology could be obtained from the preceding AOT. Both the 
recipient and the donor sites were evaluated. 
The recipient site revealed 3 plugs with vital hyaline cartilage caps and integrated 
subchondral bone. There were no signs of cartilage integration between plugs and adjacent 
cartilage, although signs of repair attempts were present. As also indicated by MRI, one plug 
had subsided slightly below flush level. The donor site defects still revealed remnants of 
the osteo-periosteal plug from the proximal tibia, which was used to fill these defects. The 
plugs were fully incorporated in the subchondral bone and joint resurfacing consisted of a 
fibrous layer covering the plug. No hyaline cartilage formation could be observed from the 
covering periosteum. It was concluded that indeed a defect could be restored with vital 
hyaline cartilage after AOT, but that the restoration capacity of the donor sites should not 
be overestimated.
Chapter 6
In the prospective clinical study presented in this chapter, bone scintigraphy was used to 
evaluate AOT in a small group of 13 patients. Bone scintigraphy can visualize osteoblastic 
The pressure analysis revealed that longer plugs (with a larger surface area) needed higher 
forces for an equal displacement than shorter ones, which also applied for bottomed plugs 
compared to unbottomed ones. Surprisingly, short bottomed plugs needed higher forces 
than longer bottomed plugs. It was concluded that relatively short bottomed plugs in 
general were the most stable, which is relevant for clinical practice.
Chapter 3
Because the study in Chapter 2 only described a one-plug model a similar biomechanical 
study was performed with a three-plug human cadaver model in a standardized defect, 
again comparing bottomed and unbottomed plugs. Additionally surface pressure analysis 
was performed with pressure transducers. This was done after five dif ferent conditions: an 
intact condyle, after creation of a standardized defect, after the three-plug transplantation 
and after mobilization of the joint, both in a loaded and an unloaded situation. The study 
revealed a significant increase in contact pressure on the rim of the defect compared to 
the original situation with an intact surface. After AOT these increased contact pressures on 
the defect rim nearly normalized again. Furthermore, weight-bearing motion of the cadaver 
knee revealed a tendency of some subsidence for unbottomed transplantations, whereas 
for bottomed transplants no subsidence was encountered. Based on these results, it was 
concluded that surface integrity could be restored by AOT and that bottomed transplants 
again proved more stable than unbottomed ones, also in this three-plug model.
Chapter 4
To gain further insight in the influence on the higher stability of bottomed plugs on the 
vitality of the hyaline cartilage and thus clinical outcome, an animal study was performed. 
Goats were operated on, to create a standardized oval defect on the centre of the medial 
condyle of one knee and performing a two-plug AOT in this defect, either bottomed or 
unbottomed. Histology was obtained after 6 weeks and both gross morphological and 
histological scoring was performed.
The gross morphological scores were significantly better in the bottomed group, 
meaning less subsidence, tilting or fibrous overgrowth were observed. Histology generally 
demonstrated vital cartilage in both groups without lateral integration of the graft with the 
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Chapter 8
This chapter describes the general discussion regarding the previous chapters. First the nine 
aims of Chapter 1 are discussed. Main conclusions regarding the aims are as follows: AOT in 
general can repair a defect with vital hyaline cartilage. Bottoming an AOT provides more 
stability and could be beneficial on outcome. Bone-scintigraphy can be used as a diagnostic 
tool and donor site morbidity is not to be underestimated. 
Chapter 8  then reviews the larger comparative trials on the dif ferent treatment options and 
it is concluded that AOT definitively has its place as a treatment modality for osteochondral 
lesions. When the presented guidelines, regarding indications and operative technique, are 
followed by the orthopaedic surgeon, AOT can provide promising results. 
Future research should concentrate on further optimizing the operative technique with as 
goal the optimization of surface congruency and reduction of donor site morbidity. Also 
more comparative trials are needed, focused on the search for the appropriate treatment 
modality for each dif ferent kind of lesion and/or patient instead of searching for one superior 
treatment.
activity and higher activity levels are to be expected at a defect site. It was theorized that 
bone scintigraphy would be a good tool for following osteochondral transplantations, both 
for the course of the recipient as the donor sites. Scintigraphies were obtained pre-operative, 
one-year post-operative and at final follow-up on average 4 years after AOT.
In 11 out of the 13 patients higher activity was actually seen at the defect site prior to surgery, 
indicative of a symptomatic lesion. Post-operative activity levels at the transplantation 
site gradually decreased to normal in most patients. After one year activity at the donor 
sites remained elevated, where they were normal pre-operative. Activity at the donor sites 
gradually decreased in time, however at final follow-up levels were still not normalized. 
There was a correlation between activity levels at the donor sites and retro-patellar crepitus. 
Clinical outcome in this study group was less than expected and was theoretically related 
to donor site morbidity since fairly large plugs were used in this patient group. Because of 
the 2 patients without scintigraphic activity prior to surgery and the bad clinical outcome 
in both of them, it was theorized that these patients perhaps had asymptomatic lesions. 
In conclusion bone scintigraphy was thought to be an interesting diagnostic tool to 
discriminate symptomatic from asymptomatic lesions pre-operative and recipient site from 
donor site morbidity post-operative.
Chapter 7
Another prospective clinical study is presented here. A small, well-defined homogenous 
subgroup of patients with osteochondritis dissecans was treated with AOT and followed 
for 1 year with clinical scores and MRI. Smaller osteochondral plugs were used in this study 
as compared with those used in patients from Chapter 6. During surgery all the transplants 
were bottomed and the donor site defects were filled with compacted bone chips 
remainders derived after preparing the recipient site and additionally filled until f lush level 
with a collagen type I sponge. This technique was also used in the goat model from Chapter 
4. Results were good for both clinical and MRI scores. Although the follow-up was short it 
was concluded that, using this meticulous surgical approach, AOT was a valid technique for 
restoring these specific osteochondral lesions in this subgroup of patients. Advice was not 
to operate on lesions larger than 4cm2, since donor site problems can be anticipated.
Samenvatting
Chapter 10
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Hoofdstuk 1
Het eerste hoofdstuk bevat de algemene introductie. Dit proefschrift beschrijft Autologe 
Osteochondraal Transplantatie (AOT) als een behandelingsoptie voor relatief kleine, focale 
kraakbeen defecten in de knie. Na beschadiging kan hyalien kraakbeen nauwelijks hersteld 
worden. Aangezien zelfs kleine kraakbeendefecten al veel klachten kunnen veroorzaken, 
kan een operatie soms aangewezen zijn om het defect te herstellen. Alle verschillende 
operatieve mogelijkheden worden kort besproken in dit hoofdstuk.
De operatietechniek, beperkingen en het klinische resultaat van AOT worden uitgebreider 
besproken. Deze operatietechniek kan simpelweg gezien worden als het verplaatsen van 
het probleem van een volledig gewichtdragend gebied van het (knie)gewricht naar een 
minder gewichtdragend gebied. Dit wordt bereikt middels transplantatie van meerdere 
cilindervormige osteochondraal pluggen uit de trochlea naar het eigenlijke defect in de 
femurcondyl. De grootste beperking van deze techniek is het optreden van problemen 
ter plaatse van deze donorplaatsen. Een goed klinisch resultaat is vooral afhankelijk van de 
verkregen oppervlakte-congruentie van het transplantaat en de stabiliteit van de pluggen. 
Zowel verzonken als uitstekende pluggen hebben een negatief effect op de overleving van 
de kraakbeencellen cq. chondrocyten.
In dit hoofdstuk wordt het begrip ‘bottoming’ voor het eerst geïntroduceerd, wat een 
terugkerend onderwerp is in dit proefschrift. Met bottoming wordt bedoeld dat een 
plug stevig op de bodem van het subchondrale bot van het defect wordt geplaatst. Dit 
in tegenstelling tot ‘unbottoming’, wat de voorkeur is van de meeste chirurgen, waarbij 
een kleine uitsparing onder de plug achtergelaten wordt om uitsteken van de plug te 
voorkomen. In het laatste geval moet de stabiliteit vooral van wrijvingskrachten van de 
wand komen, terwijl bij bottoming de plug in zijn geheel ook nog ondersteund wordt 
door het subchondrale bot waar het op rust. Er wordt hier getheoretiseerd dat bottoming 
meer stabiliteit geeft dan unbottoming. Aan het einde van dit hoofdstuk worden de negen 
doelstellingen van dit proefschrift gepresenteerd.
Hoofdstuk 2
Hier wordt de eerste humane biomechanische kadaverstudie van dit proefschrift 
gepresenteerd. Deze studie werd uitgevoerd om het verschil in stabiliteit tussen ‘gebottomde’ 
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dierproef uitgevoerd. Bij geiten werd een standaard ovaal defect gecreëerd op de mediale 
condyl van een femur, waarna een twee-pluggen AOT werd uitgevoerd in dit defect; ofwel 
gebottomd ofwel ongebottomd. Na 6 weken werden zowel globale morfologische als 
histologische scores verkregen.
De morfologische scores waren significant hoger in de gebottomde groep, wat betekent dat 
er minder verzakking, kanteling en fibreuze overgroei werd waargenomen. Histologie liet 
vitaal kraakbeen zien in beide groepen, zonder zijwaartse integratie van het transplantaat 
met het aangrenzende kraakbeen van de condyl. Er werd geen verschil gevonden tussen 
de histologische scores van beide groepen. Het subchondrale geitenbot is veel compacter 
dan bij mensen en resulteerde in een zeer stevige reconstructie. Er werd getheoretiseerd 
dat hierdoor de verzakking, die vaker in de ongebottomde groep voorkwam, niet hevig 
genoeg was om tot kraakbeen schade te leiden. Hyalien kraakbeen is immers in staat om 
met hypertrofie te compenseren voor beperkte inzakking.
Er werd geconcludeerd dat AOT in staat was om een defect te herstellen met vitaal 
hyalien kraakbeen. Ondanks het gebrek aan histologische verschillen werd er, gebaseerd 
op de morfologische scores en eerdere biomechanische studies, toch geadviseerd om bij 
patiënten gebottomde pluggen te gebruiken, gezien de minder compacte botstructuur bij 
de mens en daarom een hoger risico op inzakking.
Hoofdstuk 5
In dit hoofdstuk wordt een case report beschreven betreffende één van de patiënten van 
de studie van Hoofdstuk 6. Drie jaar na AOT had deze patiënt nog steeds klachten en kreeg 
een totale knieprothese, aangezien nu meer gegeneraliseerde degeneratieve verschijnselen 
werden gevonden in de knie. Hierna kon histologie worden verkregen van de volledige 
voorgaande AOT. Zowel de transplantatie- als de donorlocaties werden beoordeeld. 
De transplantatie locatie bevatte 3 pluggen met een vitale hyaliene kraakbeen laag en 
incorporatie in het subchondrale bot. Er waren geen tekenen van kraakbeen integratie 
tussen de pluggen en het aangrenzende kraakbeen, hoewel er wel tekenen waren van 
herstelpogingen. Eén plug bleek iets verzakt onder het gewrichtsoppervlak, zoals al eerder 
gezien was op MRI-beelden. De donorlocaties vertoonden nog steeds restanten van de 
osteochondraal pluggen van de proximale tibia, die gebruikt waren om de donordefecten 
mee op te vullen.  Deze pluggen waren volledig geïntegreerd in het subchondraal bot en het 
herstel van het gewrichtsoppervlak bestond uit een fibreuze laag die de plug bedekte. Vanuit 
en ‘ongebottomde’ pluggen aan te tonen na een één-plug osteochondraaltransplantatie. 
Tevens werden 3 verschillende pluglengten vergeleken: 8, 12 en 16 mm. De transplantaten 
werden vanaf 5 mm boven tot 3 mm onder het gewrichtsoppervlak geduwd middels een 
belastingsapparaat en de benodigde krachten om de pluggen te verplaatsen werden 
geregistreerd en geanalyseerd.
De kracht-verplaatsing analyse liet zien dat langere pluggen (met een groter oppervlak) 
meer kracht vereisten om verplaatst te worden dan kortere pluggen. Hetzelfde gold voor 
gebottomde in vergelijking met ongebottomde pluggen. Verrassend was de bevinding dat 
meer kracht benodigd was voor korte dan voor lange gebottomde pluggen. De conclusie 
werd getrokken dat korte gebottomde pluggen in het algemeen het meest stabiel waren, 
wat van belang is bij de klinische toepassing van deze techniek.
Hoofdstuk 3
Aangezien de studie van Hoofdstuk 2 alleen een één-plug model beschrijft, werd een 
gelijkende biomechanische studie uitgevoerd met een drie-pluggen humane kadaverstudie, 
waarbij in een gestandaardiseerd defect wederom gebottomde en ongebottomde pluggen 
werden vergeleken. Aanvullend werd er een drukanalyse van het kraakbeenoppervlak 
uitgevoerd door middel van druksensoren in vijf verschillende situaties: een intacte condyl, 
na het creëren van het defect, na de drie-pluggen transplantatie en na doorbewegen 
van het gewricht, zowel onbelast als belast. De studie liet een significante toename van 
contactdrukken zien op de rand van het defect in vergelijking met de intacte condyl. Na AOT 
bereikte deze verhoogde contactdrukken nagenoeg weer de normaalwaarden. Na belast 
doorbewegen van het gewricht bleek er een tendens voor inzakking in de ongebottomde 
groep, terwijl geen inzakking werd gezien in de gebottomde groep. Gebaseerd op deze 
resultaten werd er geconcludeerd dat oppervlakte-integriteit hersteld kon worden door AOT 
en dat gebottomde transplantaten wederom meer stabiel bleken dan ongebottomde, ook 
in dit drie-pluggen model.
Hoofdstuk 4
Om verder inzicht te verkrijgen in de invloed van de betere stabiliteit van ongebottomde 
pluggen op de vitaliteit van het hyaliene kraakbeen en dus de klinische resultaten, werd een 
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met AOT en tot 1 jaar na de ingreep vervolgd met klinische scores en MRI. Er werden 
smallere osteochondraal pluggen gebruikt dan bij de patiënten van Hoofdstuk 6. Tijdens 
de ingreep werden alle transplantaten gebottomd. De donordefecten werden gevuld met 
geïmpacteerde botsnippers, die over waren gebleven na het voorbereiden van het defect 
en hier bovenop werd het defect opgevuld tot het gewrichtsoppervlak met een collageen 
type I spons. Deze zelfde techniek werd gebruikt in de geiten studie van Hoofdstuk 4.
Zowel de resultaten van de klinische als de MRI scores waren goed. Hoewel het een korte 
follow-up tijd betrof, werd geconcludeerd dat door het gebruik van deze zeer nauwkeurige 
operatieve aanpak, AOT een goede techniek was om deze specifieke osteochondraal letsels 
in deze subgroep van patiënten te herstellen. Het advies werd gegeven om geen defecten 
te opereren die groter zijn dan 4cm2, teneinde problemen van donorlocaties te voorkomen.
Hoofdstuk 8
Dit hoofdstuk beschrijft de algemene discussie betreffende de voorgaande hoofdstukken. 
Als eerste worden de negen doelstellingen van Hoofdstuk 1 bediscussieerd. De belangrijkste 
conclusies betreffende de doelstellingen zijn dat: AOT in het algemeen een defect met 
vitaal hyalien kraakbeen kan herstellen, het bottomen van een AOT meer stabiliteit biedt 
en gunstig kan zijn voor het klinische resultaat, botscintigrafie gebruikt kan worden als 
diagnostisch middel en dat morbiditeit van donorlocaties niet onderschat moet worden.
Vervolgens worden de grotere vergelijkende trials betreffende de verschillende 
behandelopties beoordeeld en wordt er geconcludeerd dat AOT zeker een plek heeft 
als behandeling van osteochondraal defecten. Wanneer de gepresenteerde richtlijnen, 
betreffende indicatiestelling en operatieve techniek gevolgd worden door de orthopedisch 
chirurg, kan AOT gunstige resultaten hebben.
Toekomstig onderzoek zal zich moeten richten op het verder optimaliseren van de 
operatietechniek met als doel de optimalisatie van het herstellen van de oppervlakte 
congruentie en het beperken van morbiditeit van de donorlocaties. Ook is er behoefte 
aan meer vergelijkende trials, waarbij de focus zou moeten liggen op het zoeken naar de 
beste behandelingsoptie voor elk verschillend type defect en/of patiënt, in plaats van de 
voortdurende zoektocht naar één optimale behandeltechniek.
het overliggende periost kon geen vorming van hyalien kraakbeen worden waargenomen. 
Er werd geconcludeerd dat een defect inderdaad met vitaal hyalien kraakbeen hersteld kan 
worden door middel van AOT, maar dat het herstel van de donor locaties niet overschat 
moest worden. 
Hoofdstuk 6
In de prospectieve klinische studie die in dit hoofdstuk wordt beschreven werd 
botscintigrafie gebruikt om AOT te evalueren in een kleine patiëntengroep. Botscintigrafie 
kan osteoblastische activiteit afbeelden en hogere activiteit wordt verwacht bij een 
kraakbeendefect locatie. De theorie werd gevat dat botscintigrafie een goed diagnostisch 
middel kon zijn om osteochondraal transplantaties te vervolgen, zowel voor het verloop van 
de recipiënt-, als van de donorlocaties. Scintigrafiën werden verkregen preoperatief, 1 jaar 
postoperatief en bij de laatste controle gemiddeld 4 jaar na AOT.
Bij vrijwel alle patiënten werd inderdaad hogere activiteit waargenomen bij de defectlocatie 
voor de operatie. Het postoperatief verhoogde activiteit niveau van de transplantatielocatie 
nam bij de meeste patiënten gradueel af naar normale waarden. Eén jaar na de ingreep bleef 
de activiteit bij de donorlocaties verhoogd, terwijl deze normaal was voor de ingreep. In de 
loop van de tijd nam deze wel af, maar was nog steeds niet genormaliseerd bij de laatste 
controle. Er werd een correlatie gevonden tussen de mate van activiteit van de donorlocatie 
en de aanwezigheid van retro-patellaire crepitus.
Het klinische resultaat in deze studiegroep was lager dan verwacht, wat theoretisch werd 
toegeschreven aan morbiditeit van de donorlocaties, aangezien er vrij grote pluggen 
waren gebruikt in deze patiënten groep. Aangezien twee patiënten geen scintigrafische 
activiteit voor de ingreep hadden en tevens beiden een slecht klinisch resultaat, werd 
er getheoretiseerd dat ze wellicht asymptomatische defecten hadden. De conclusie was 
dat botscintigrafie een interessant diagnostisch middel zou kunnen zijn. Het zou zowel 
preoperatief symptomatische van asymptomatische defecten kunnen onderscheiden en 
postoperatief kunnen dif ferentiëren tussen morbiditeit van de donor- of transplantatielocatie.
Hoofdstuk 7
In dit hoofdstuk wordt een andere prospectieve studie beschreven. Een kleine, specifieke 
en homogene subgroep van patiënten met osteochondritis dissecans was behandeld 
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Eindelijk is het zover, een voltooid proefschrift. Dat het mij een berg tijd en energie zou 
kosten, had ik wel enigszins verwacht, maar ik had van tevoren niet verwacht dat dit ook 
voor andere mensen zou gelden. Er is niet alleen veel tijd geïnvesteerd in het meedenken 
bij het opzetten en uitvoeren van studies, corrigeren van manuscripten en hulp bij de 
statistieken, er zijn zelfs polidagdelen voor patiënten afgezegd zodat er geiten geopereerd 
konden worden.
Zonder adequate begeleiding was het natuurlijk nooit zover gekomen. Een zeer belangrijke 
rol hierin heeft voor mij altijd mijn begeleider dr. J.L.C. van Susante gehad, die mij niet 
alleen inspiratie bood en op de juiste momenten weer eens een duwtje in de rug gaf, 
maar ook nog eens oog had voor mijn privé-omstandigheden. Hij heeft uitstekende 
tekstuele vaardigheden en is zeer goed in het scheiden van hoofd- en bijzaken met oog op 
publiceerbaarheid. Hij was altijd bereid tot overleg en bleef enthousiast. Beste Job, zonder 
jou was me dit nooit gelukt. Maar goed, je was me dan ook de aanleg van een draadloos 
computer netwerk bij je thuis verschuldigd...
Natuurlijk is een promotietraject niets waard zonder een promotor en was ik gelukkig 
voorzien van prof. dr. A. van Kampen, een promotor die ook in het bezit was van een gezonde 
dosis menselijke eigenschappen, iets wat voor mij zeer van belang is bij onderling contact. 
Beste Albert, bedankt voor met name je klinische blik in het geheel.  
Niet te vergeten zijn prof. dr. P. Buma en prof. dr. ir. N.J.J. Verdonschot, van het Orthopaedic 
Research Lab, die altijd zeer laagdrempelig voor mij bereikbaar zijn geweest en waar nodig 
ook een luisterend oor en adviezen konden bieden. Begonnen als co-promotoren en 
geëindigd als promotoren voel ik me vereerd met 3 promotoren!
Beste Pieter, jou heb ik vanaf meet af aan al gezien als een echte professor, terwijl je dat nog 
niet eens was. Het bureau in mijn studeerkamer toont gelijkenissen met die van jou, hoewel 
ik naar alle waarschijnlijkheid nooit in jou voetsporen als hoogleraar zal treden.
Beste Nico, met jou kon ik graag sparren over de technische aspecten van een studie, temeer 
de technische kant de hoofdzakelijke reden was voor mij om orthopedisch chirurg te willen 
worden.
Heren (co-)promotoren, zeer veel dank voor al jullie professionele hulp, tijd en persoonlijke 
ondersteuning bij de totstandkoming van dit proefschift!
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Zonder digitaal tijdperk had dit traject nooit op deze manier doorlopen kunnen worden, zeker 
niet aangezien ik het laatste deel vanuit huis heb gewerkt. Hulde aan email, wordprocessors 
en foto bewerkingssoftware. Ontelbare digitale documenten en ongeveer 1300 emailtjes 
van en aan (co-)promotoren, medeauteurs en overige betrokkenen zijn voorafgegaan aan 
de totstandkoming van alle artikelen en dit proefschrift.
Een greep uit en dank aan een ieder die op zijn of haar manier ook heeft bijgedragen:
Gerjon Hannink. Gerjon, aanvankelijk was jij mijn vraagbaak voor de statistieken. Uiteindelijk 
heb je ook nog veel hulp geleverd met de geiten studie als extra observer voor het scoren 
van de histologie, het opmaken van histologie plaatjes, het herschrijven en het submitten. 
Thanks voor al je goede hulp!
José Smolders. Beste José, voor maarliefst twee projecten, die onderdeel zijn van dit 
proefschrift, heb jij je enorm ingezet, resulterend in een tweede en zelfs eerste auteurschap 
voor jou. Ik ben je enorm dankbaar voor de tijd die je mij hiermee uit handen hebt kunnen 
nemen en het mooie resultaat.
Liesbeth Biemond, ik mag van geluk spreken dat jij op het lab zat ten tijde van de geiten 
studie. Jij hield het reilen en zeilen rondom de planning bij en onderhield het meeste van 
het contact met het CDL en de boerderij ten aanzien van het netjes opvolgen van het studie 
protocol. Tevens heb je geassisteerd op OK.
Willem van de Wijdeven. Beste Willem, het ontwikkelen van testopstellingen of andere 
hulpmiddelen is jou op je buik geschreven. Jouw tomeloze hulp en enthousiasme in de 
kelder van het Radboud is een ware aanwinst voor de afdeling. Zonder jou zou menig 
onderzoeker regelmatig met zijn handen in het haar hebben gezeten. Dank voor al je slimme 
oplossingen en enthousiasme.
Léon Driessen, alle mogelijke en noodzakelijke hulp met betrekking tot de histologische 
behoeften bied jij een ieder altijd als de normaalste zaak van de wereld. Bedankt voor al je 
hulp, je mooie histologische foto’s en ook voor een mooie lab barbecue in jouw tuin. 
Ineke Huidekoper, bedankt voor alle praktische hulp om onder andere de mannen bijeen te 
krijgen voor overleg, voor de gezelligheid en voor de open ontvangst bij een onverwacht 
bezoek van mijn kant. 
Sander Koëter, fijn dat jij het schrijven van het klinische artikel uit het Rijnstate mee kon 
begeleiden. Je schematische figuren van de AOT procedure waren een mooie aanvulling op 
het artikel en verfraaien zoals je ziet nu ook de inleiding van mijn proefschrift.
Professor dr. W.J.G. Oyen, dank voor het scoren van de botscintigrammen, het opsnorren van 
de hoge resolutie plaatjes en het reviewen van het manuscript.
Jorrit Zelle, bedankt voor het opstellen van het rekenmodel om de reproduceerbaarheid 
van de Tekscan data te analyseren. Dit model gaf ons het bewijs dat de testopstelling 
betrouwbaar en dus bruikbaar was.
Alle medewerkers van het CDL, met name Alex en Wilma, bedankt voor het vlot laten 
verlopen van het operatieproces: het telkens steriliseren van alle instrumenten, verzorgen 
van de anesthesie en overige assistentie op OK. Het euthanaseren van de geiten en het 
‘oogsten’ van het dierlijk materiaal waren voor mij met name bijzondere ervaringen waarbij 
ik jullie hulp zeer heb kunnen waarderen.
Alle medewerkers van de boerderij, met name Conrad van den Broek, dank voor de 
goede verzorging van de geiten, het tijdig geven van de injecties en het invullen van de 
welzijnsevaluatie van de geiten.
Robert Schuurman. Yo L...., bedankt voor alle gezellige avondjes en vakanties en natuurlijk 
voor het feit dat je mijn paranimf wilt zijn! Voor het eerst ben ik je tegen gekomen in Leuven, 
om je vervolgens in Leiden weer tegen te komen. Vanaf toen was je één van de rode draden 
door mijn studie, opleidings- en promotietraject. Je bent een vriend voor het leven. Ik hoop 
je snel weer eens te kunnen verslaan met een ouderwets potje snookeren.
Bob van Wely. Thanks voor de mooie tijden tijdens mijn heelkunde periode en het 
introduceren bij de NMHC. Ik realiseer me tijdens dit schrijven dat ik feitelijk zonder jou Lidewij 
niet zou zijn tegengekomen en nu ben je ook nog eens mijn paranimf. Onze maandelijkse 
dinertjes (als ze doorgaan natuurlijk...) ben ik zeer gaan waarderen. Ik hoop dat de rest van 
jouw promotietraject voorspoedig zal verlopen en je een mooie plek als chirurg weet te 
bemachtigen.
Jochem Klinkhamer. Klinzaghi, ik kan nog altijd genieten van de pizza en onze nachtelijke 
wandelingen door het Amsterdamse of Nijmeegse. Ben bang dat het vanaf nu met name 
het Amsterdamse zal worden aangezien we Bennekom denk ik snel gezien zullen hebben...
Niels Kok. Kokkie, ik heb altijd waardering gehad voor hoe jij je studie, opleiding en promotie 
aanpakte. Zonder dat jij het denk ik wist, heb ik me hier aan op kunnen trekken. Ondanks dat 
we elkaar niet meer zo regelmatig zien of spreken, voelt het toch altijd weer als vertrouwd. 
Teamgenoten van NMHC. Heren, allen bedankt voor de ‘overvolle’ trainingen, maar vooral 
voor de fanatieke en gezellige zondagen. Niet te vergeten natuurlijk ook voor de uitmuntende 
stapavonden in het Arnhemse of Nijmeegse.
Ton en Marieke, Hugo, Maartje en Peter, dank voor jullie interesse in al mijn bezigheden en 
de gezellige weekjes op het ijs.
Tineke en Wim, bedankt voor jullie taalkundige correcties en voor het overvliegen naar jullie 
oude kikkerlandje om bij de plechtigheid aanwezig te kunnen zijn. 
Roeland, gozert, ik kon in drukke tijden met jou mijn gedachten altijd verzetten door lekker 
samen een filmpje te pakken of de stad onveilig te maken. We kennen elkaar ons gehele 
leven en dus elkaars ins en outs, wat altijd resulteert in een ongedwongen sfeer en dus 
goede afleiding.
Lieve Colette en Ainée. Jullie zijn onlosmakelijk verbonden met mijn leven, afwisselend op 
de voor en/of achtergrond. Ik ben blij dat ik het geluk heb twee van zulke leuke zussen te 
hebben met dito aanhang en kinderen.
Lieve pap en mam. Woorden schieten natuurlijk te kort als ik jullie zou willen bedanken 
voor al jullie steun in mijn leven en carrière, waarvan dit proefschrift onderdeel uitmaakt. 
Bedankt voor alle hulp en raad in voor- en tegenspoed. Ik hoop dat ik nog lang op jullie kan 
vertrouwen en van jullie mag genieten als ouders en goede vrienden.
En dan last but definitively not least Lidewij. Lieve Li, wat fijn is het om bij jou thuis te mogen 
komen. Genieten is een kunst, eentje die jij goed beheerst. Jouw rust geeft mij het overzicht 
in roerige tijden. Na deze mijlpaal kunnen we ons helemaal storten op ons nieuwe huis en 
zullen we snel die andere datum prikken.
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Niels Bernard Kock was born in the Netherlands in Velp (Rheden) on September 1, 1975.
He received his elementary school training in Oosterbeek and obtained his high school 
diploma from the “Stedelijk Gymnasium” in Arnhem in 1994.
After being eliminated by the Dutch lottery system to study medicine in the Netherlands, he 
studied medicine for two years in Belgium at the Catholic University of Leuven. In 1996 the 
lottery system finally allowed Niels to continue his medical training in the Netherlands. 
Towards the end of his medical study at the University of Leiden he chose to intern at the 
Department of Orthopaedics of the Rijnstate Hospital in Arnhem. Here he wrote a case 
report on autologous osteochondral transplantation, supervised by co-promotor Dr. J.L.C. 
van Susante, which turned out to become the basis of this thesis.
After Niels obtained his medical degree in 2003 he worked for several months as a medical 
inspector for the “Wet Voorzieningen Gehandicapten” (law on benefits for the handicapped). 
He then worked for over one year as an Emergency Room surgical resident at the joint 
Departments of Surgery and Orthopaedics of the Rijnstate Hospital in Arnhem.
After being accepted for orthopaedic surgery training in 2005 the decision was made to 
start a PhD study under the supervision of Prof. Dr. A. van Kampen.
In the nine months following,  research was carried out towards his PhD at the Orthopaedic 
Research Lab of the UMC St Radboud in Nijmegen under the supervision of Prof. Dr. P. Buma 
and Prof. Dr. Ir. N.J.J. Verdonschot. 
In 2006 - 2007 the two-year surgical residency took place at the Canisius Wilhelmina Hospital 
in Nijmegen. Niels’s first year of orthopaedic training was followed at the Sint Maartenskliniek 
in Nijmegen. After this year his training was terminated, but his efforts towards a PhD 
continued. 
Currently Niels is working as a medical advisor at the company Waegener in Beerse, Belgium, 
where medical treatments are being developed to reduce the consequences of tissue 
damage after (surgical) trauma.
Niels is engaged to be married to Lidewij Bartelink.


